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Protein heterogeneity is currently one of the leading problems in formulation of 
therapeutic proteins. The effectiveness of therapeutic proteins is diminished when they 
exhibit heterogeneity due to aggregates and degradation by-products. Furthermore, 
guidelines set forth by the FDA require therapeutic proteins to have high stability as well 
as high purity. With development time on the order of years and costs incurred in the 
millions, pharmaceutical companies are investing more time in finding fast and efficient 
ways to screen for protein heterogeneity. Current methods such as native polyacrylamide 
gel electrophoresis (PAGE), size-exclusion chromatography (SEC) and capillary 
electrophoresis (CE) are time consuming, require large amount of samples, and are not 
always easily implementable with instrumentation. Our approach to these issues involves 
the use of silica colloidal crystals bearing brush layers of polyacrylamide. Using 
established correlations between molecular weight and reduced mobility, selectivity is 
compared in silica colloidal crystals and gels. Due to low broadening effects in colloidal 
crystals, fast sieving separations of proteins have been observed in capillaries over 
distances as short as 6.5 mm in 72 seconds with exceptionally low plate heights. When 
adapted to a 96 well plate format, throughput can be increased a 100 fold. Our work 
   xix 
explores the feasibility of high throughput characterization of protein aggregates and 
degradation products using a clinical antibody donated by the Eli Lilly Corporation. 
Chapter 4 and 5 cover a project related to the investigation of the structural 
backbone of asphaltenes, which are a cause of serious concern to the petroleum industry. 
They have many undesirable effects such as precipitating in the pipelines and some of 
their metal content will foul catalysts used in oil processing. There are several endeavors 
dedicated to elucidating their structures. The one our group undertook involved 
synthesizing smaller asphaltene compounds that retained some of the key structural 
features associated with real asphaltenes. Fragmentation studies of these model 
compounds using tandem mass spectrometry revealed an unexpected fragmentation 
pattern which is meant to be used in elucidating the structure of real asphaltenes 
compounds.  
In Chapter 6, work toward the synthesis of the photoaffinity labeled analog of 
Callipeltin A is presented. Capilleltin A is a natural product with desirable anti-HIV 
activity. Unfortunately, not much is known about its mode of action with its therapeutic 
targets. In order to learn more, we decided to replace the hydroxyl group of one of the 
non-proteogenic amino acid residues by a highly reactive group such as azide. From past 
studies, such a replacement is not expected to affect the bioactivity of Callipeltin A. A β-
MeOTyr azide analog was synthesized and fully characterized as part of the progress 
made.
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CHAPTER 1: INTRODUCTION 
 
1.1 Importance of Homogeneity in Protein Drug Formulations 
Over the years, the pharmaceutical industry has seen an increasing shift towards 
biopharmaceuticals and monoclonal antibody (mAb) drugs. Such rapid growth has been 
fueled by advances in biotechnology and an exceptional selectivity towards their intended 
therapeutic targets as compared to small molecule drugs (8-10). It therefore comes as no 
surprise that the global market for biologic drugs is projected to reach $239 billion by 
2015 with therapeutic monoclonal antibodies accounting for 36% of sales (11). 
Heterogeneity in monoclonal antibody drug formulations can stem from several 
chemical and physical factors imparted during bioengineering, transport and storage 
processes. Such factors combined with the intricate structural profile of those bio entities 
can lead to degradation events such as photodegradation, disulfide scrambling, oxidation, 
dissociation, deamination, precipitation and aggregation. Of those various highly 
deleterious processes, aggregation stands out due to the fact that it can occur 
spontaneously in the formulated drug and endanger patient safety through a wide range of 
immunogenic responses (12). Therefore, in order for these therapeutics to perform at their 
optimum efficacy, be devoid of potentially dangerous side effects and meet the FDA drug 
specifications, it is imperative that their formulation remain aggregate free  (5). 
   3 
Protein aggregation is currently the research focus of many biopharmaceutical and 
academic laboratories. They are faced with developing high throughput methods for 
aggregate detection and quantification. The urgency for such methods is heightened by 
the fact that there are several challenges associated with identifying a matrix that 
minimizes aggregate formation at various stages of the production pipeline. Such 
obstacles arise from the complex physiochemical backbone (primary, secondary, tertiary 
or quaternary structure) of biological entities as opposed to small molecules and their 
sensitivity to many bioengineering mechanisms and factors such as (5, 12-16): 
 Freeze and thaw cycles: used during production to ensure proteins retain 
their native conformation and biological activity  
 Shaking/stirring: encountered during drug processing and transport 
 Purification: needed for the formulation to remain contaminant free 
 Solution conditions: concentration, pH, ionic strength, temperature 
 Exposure to air-air, air-liquid, liquid-solid interfaces 
 Contact with metal containers, chromatography columns, pipes, etc. 
Assessing the homogeneity of protein formulations is therefore of the utmost 
importance in order to avoid diminished bioactivity and off-target occurrences. 
1.2 Current Analytical Techniques for Aggregate Characterization 
There are several methods currently used to establish the aggregate profile of 
proteins. To stay within the realm of this project, only the main size based separation 
techniques will be discussed (Table 1.1). 
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Table 1.1 Common Size Based Analytical Techniques for Detection of Protein 
Aggregates 
Technique Theory Advantages Drawbacks 
SDS-
PAGE 
(17-20)   
Polymeric gel is used to 
separate analytes by size 
in the presence of  an 
electric field 
Cheap 
Easy to perform 
Compatible with most bio-
analytes 






Size based separation of 
analytes in a capillary 
filled with a polymeric 
sieving material in the 





No staining required 
Coupling capability with 
other separation methods 





A porous  medium is 
used to selectively 





Coupling capability with 
other separation methods 
Long running times 
Low capacity (not amendable 
for large scale processes) 
Particle size range limitation 
 
1.2.1 Sodium Dodecyl Sulfate - Polyacrylamide Gel 
Polyacrylamide gel is the medium of choice for size dependent protein 
fractionations by electrophoresis and is made by crosslinking acrylamide with N,N’-
methylenebisacrylamide (bis-acrylamide). The pore gradient is controlled by the total gel 
concentration as well as the amount of cross-linker used (23) . SDS, which is a surfactant, 
binds most proteins at a constant ratio (1.4 g of SDS per 1 g of protein). The SDS binding 
masks the intrinsic charge of the protein resulting in an even distribution of net negative 
charge per unit mass (Figure 1.1 A). In the presence of an electric field, this separation 
technique is based entirely on the differential motion of analytes through the gel matrix 
i.e. the migration distance is solely relative to the approximate analyte size as shown in 
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SDS-PAGE is a very well established separation method which has been used for 
over half a century to successfully identify thousands of proteins (30). However, there are 
several drawbacks associated with this technique. The gel making process is tedious and 
time consuming; depending on the complexity of the sample the running times can be 
quite long (anywhere from 45 minutes to 3 hours) and even though smaller proteins are 
well resolved, the uneven pore distribution of the gel adds to the broadening factors that 
plague larger proteins separations (31). This technique is therefore inadequate to separate 
antibody monomers from their aggregates. 
 
1.2.2 Sodium Dodecyl Sulfate - Capillary Electrophoresis 
Capillary and slab gel electrophoresis have the same working principle: analyte 
separation based on mobility differences in a given electric field with the gel serving as a 
sieving matrix (Figure 1.2) (21). However, an increased throughput is achieved with 
capillary gel electrophoresis due to the use of narrow bore fused silica capillaries. These 
capillaries allow for higher voltages resulting in faster, high resolution separations and 
reduced band-broadening. Joule heating is minimized by the rapid dissipation of heat in 
fused silica capillaries as their walls can be made very thin (32). Most importantly, this 
method has the advantages of on-column detection, full automation, precise protein 
quantification and molecular weight assessment, which make protein analysis much 
simpler (33, 34). However, the preparation of the gel inside the capillaries would often 
lead to poor  material robustness shortening the lifetime of the column (34). This led to 
the use of  non-rigid replaceable linear polymers (in situ prepared) as sieving matrices for 
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1.2.3 Size Exclusion Chromatography  
Size exclusion chromatography (SEC) is a separation method that predominantly 
uses silica-based polymeric beads to discriminate between analytes based on their size.  
The larger species are excluded from the intrapore of the sieving material and only travel 
through the interstitial volume while the smaller proteins can go through the intrapores 
and traverse more volume. As a result, the larger proteins have a shorter elution time 
compared to the smaller ones as illustrated in Figure 1.3 A. (38). Although SEC shows 
high efficiency (22), issues such as protein adsorption are prevalent due the high 
dependence of the separation mechanism on strong interactions between analyte and 
stationary phase. This may impose a size cut-off for the aggregates that can actually be 
detected by SEC (39). Figure 1.3 B. shows the size exclusion chromatogram for an aged 
monoclonal antibody with poor resolution between the aggregates. Grimm et al. showed 
that a better resolution is achieved if the sample elutes longer and were able to baseline 
resolve an IgG monomer from its dimer and higher molecular weight aggregates in about 
30 minutes (40). This shows that long separation times are required for the efficient 
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1.3 Gel Electrophoresis: Band Broadening and Resolution 
In gel electrophoresis, there are two major causative forces of band broadening 
processes: longitudinal diffusion and Joule heating. 
Longitudinal diffusion occurs when a protein zone spreads away from its center 
along the migration direction (41). This phenomenon is represented by the peak 
dispersion, σ2, which proportionally relates the analyte diffusion constant, D, in the 
separation medium over a period of time, t.  
                                                         ߪଶ ൌ 2ܦݐ                                               (Equation 1.1) 
Diffusion happens during staining and visualization which contributes to 
broadening and increased analysis time (42). Equation 1.1 shows that the extent of 
protein zone spreading will be reduced if the time during which this phenomenon takes 
place is shortened. This can happen one of two ways: 
1) In an electrophoresis gel, the degree of cross-linking is not perfectly uniform 
on the microscopic scale, and the resultant velocity distribution creates a 
broader zone. If the sieving medium is homogenous and has an ordered pore 
distribution, the path traversed by the analyte will be even all throughout the 













Figure 1.4 Depiction of the differences in motion paths represented by arrows for two 
protein zones in A. Homogeneous medium and B. Heterogeneous medium. The differing 
red and green paths are caused by micro-heterogeneity in the gel pore network and cause 
broadening. 
2) Higher voltages will decrease the separation time and consequently the peak 
dispersion of the protein as shown in equations 1.2 and 1.3 where L is the 
separation distance, V is the voltage, v is the zone velocity and µapp is the 
apparent electrophoretic mobility. 
                                               ݐ ൌ 	 ௅௩ ൌ 	
௅మ
ఓೌ೛೛	௏                                             (Equation 1.2) 
 
Homogeneous  
Medium, (small σ) 
Even velocity distribution 
  
Heterogeneous  
Medium, (large σ) 
Random velocity distribution  
A. 
B. 
   12 
                                                 ߪଶ ൌ ௅మଶ஽ఓೌ೛೛௏                                                (Equation 1.3) 
However, applying higher voltages will also lead to Joule heating (43). This stems 
from Ohm’s law which states that the potential difference, V, in a medium is proportional 
to its resistance, R, and current, I, flowing through the material (Equation 1.4) and its 
relation to heat generated over time, t (Equation 1.5): 
                                                 ܸ ൌ ܫܴ                                                           (Equation 1.4) 
                                               Heat = VIt                                                         (Equation 1.5) 
Therefore, increasing the voltage applied is a trade-off between increasing the 
separation speed and minimizing Joule heating. Joule heating lowers temperature 
dependent physical factors such as dynamic viscosity, which consequently increases the 
analyte’s diffusion constant. As mentioned in section 1.2.2, thin fused silica capillaries 
are used to minimize Joule heating by improving the heat dissipation process. However, 
how does using smaller i.d.’s capillaries affect the separation resolution? 
Resolution, Rs, is proportional to the selectivity, Δv/v, where H is the plate height 
and will be discussed in the next section (Equation 1.6). This equation applies to any type 
of separation, showing that both zone sharpness, described by the first term, and 
selectivity combine to give resolution, and the two effects are multiplicative. The 
limitation of capillary gel electrophoresis is that the selectivity is much lower because the 
pores are large. The lower selectivity has to be compensated by longer lengths to give the 
same resolution. The net effect is an increase by only about a factor of two in overall 
speed for capillary gel electrophoresis of proteins (34, 44, 45). Selectivity needs to be 
combined with a thin, homogeneous medium for faster resolution. 
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    																										ܴ௦ ൌ ඥ௅/ு	ସ ∙
∆௩
௩                                         (Equation 1. 6) 
Low resolution and band broadening effects such as longitudinal diffusion, micro 
heterogeneity in the pore network and a need for improved resolution call for the use of a 
uniformly sized, compact and highly order material in place of gel.  
 
1.4 Research Goal 
The goal of this project is to replace gel inside capillaries with a medium more 
suitable for the high throughput separation of larger proteins. The idea is to reduce the 
broadening processes in the separation medium of capillary electrophoresis by decreasing 
the separation length and consequently increasing the speed of separation. 
The principle behind this idea uses the plate height, H, which is the amount of 
zone variance, σ2 over the separation distance, L. 
																																												ܪ ൌ ఙమ௅ 																																														(Equation1.7) 
Conceptually, the physical separation arising from mobility differences would 
occur much earlier if the medium contributes negligible broadening to the protein zones. 
This concept is illustrated in Figure 1.5: two zones separate over a tenfold shorter length 
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brush layer was grown unto the surface of the non-porous silica beads to 
minimize protein absorptivity and enhance biocompatibility with the 
bioentities. 
2) Thermal aggregation of a therapeutic monoclonal antibody provided by the Eli 
Lilly Corporation followed by electrophoretic separation from its dimer based 
on previous work published by Birdsall and Wirth (4). 
3) Voltage, separation length and diffusion coefficient studies were also 
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CHAPTER 2: THERMAL TREATMENT, PACKING AND CHEMICAL 
MODIFICATION OF SILICA COLLOIDAL CRYSTALS FOR CAPILLARY 
ELECTROPHORESIS 
2.1 Background on Silica Colloidal Crystals 
The initial interest in silica colloidal crystals (SCCs) was spurred by their 
photonic properties resulting from the periodic change in their refractive index (46-48). 
Indeed, colloidal crystals exhibit minimal polydispersity and can self-assemble into  
highly ordered 3D arrays of colloidal particles (49). In nature, such highly ordered 
structures are known as gem opals and are characterized by fascinating colors due to their 
opalescence (Figure 2.1 A.) (50). Colloid crystals photonic properties are currently used 
in sensors (51), electro-optic devices (52), energy conversion and storage products (53).  
Furthermore, they have been used as patterned supports for microarrays applied to 
biomedical processes (54). However, the most relevant application of SCCs to this 
project is their use as media for biomolecules separations (55). 
Monodisperse SCCs self-assembled layers exhibit a face-centered cubic (FCC) 
conformation with a maximum void volume fraction of .26 (Figure 2.1 B.) (56). Our 
research group uses this characteristic property to efficiently pack these particles in 
stainless steel, fused silica capillary columns and planar channels to effect high resolution 
and high-throughput protein separations (3, 4, 57-59). However, before use, some thermal 
and chemical treatment is required to make the SCCs compatible with proteins. 
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2.2 Chemicals and Materials 
Uniform nonporous silica particles were obtained from Fiber Optic Center, Inc. 
(New Bedford, MA). Fused silica capillaries were purchased from Polymicro 
Technologies (Phoenix, Arizona). The trichorosilanes, 
(chloromethyl)phenylethyltricholorosilane (BC) and methyltrichlorosilane (C1) were 
obtained from Gelest, Inc. (Morrisville, PA). CuCl (99.9%) was purchased from Alfa 
Aesar (Ward Hill, MA), CuCl2 was obtained from Acros Organics (Morris Plains, NJ) 
and acrylamide, from Sigma Aldrich (St. Louis, MO). Toluene and N,N-
dimethylformamide  (DMF) were purchased from Avantor Performance Materials 
(Center Valley, PA) and Tris[2-(dimethylamino)ethyl] amine (Me6TREN) was 
synthesized according to literature (60). 
2.3 Thermal Treatment of the SCCs and Rehydroxylation 
Prior to their use, SCCs must be heated at high temperatures. This process which 
is known as calcination, shrinks their volume and avoids cracks in their crystalline form 
(61). As a result, the particles have a higher density and an increased stability. For this 
project, we proceeded by calcining the SCCs three times in a 600 oC in furnace oven. 
Each of the calcining steps was followed by suspension of the particles in ethanol and 
sonication until all visible aggregates were broken up. The sonication step was followed 
by centrifugation, to separate the solvent from the particles which were then allowed to 
dry overnight in a 60 oC vacuum oven. After calcination, the particles were annealed at 
1050 oC in a furnace oven for three hours. The purpose of the annealing was to decrease 
the isolated silanols concentration after rehydroxylation by smoothing the particles 
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surface  beforehand (62). After cooling down, the particles were suspended in ethanol, 
sonicated and passed through 2 µm metallic mesh filters to get rid of any 
aggregates/impurities. After centrifugation, the particles were allowed to dry overnight in 
a 60 oC vacuum oven. Rehydroxylation involved suspending the annealed particles in a 
50/50 mixture of ultrapure water (18 MΩ) and nitric acid (HNO3), followed by sonication 
and reflux at 250 oC overnight. After reflux, the particles were distributed into centrifuge 
tubes and washed with ultrapure water until the pH of the supernatant was about 6. The 
final wash was done with ethanol and the particles were dried in a 60 oC vacuum oven.  
Slurries for packing into fused silica capillaries were prepared at varying w/w 
concentrations in 1 mL of ultrapure water and sonicated as needed for all particles 
conglomerates removal. 
2.4 Fused Silica Capillaries Preparation and Pressure Packing 
A 75 and 100 µm i.d. fused silica capillary of about 180 cm in length was 
conditioned with 0.1 M NaOH, ultrapure water and ethanol successively for 20 minutes 
each time using a syringe pump (Harvard apparatus, Holliston, MA). The capillary was 
then cut into 12 cm segments which were allowed to dry in a 60 oC vacuum oven for 30 
minutes. A 35 % w/w slurry of SCCs in ultrapure water was wicked into the capillaries 
which were packed against a frit under 7000 psi delivered by a packing pump (Series 
1500 Scientific Systems Inc, State College, PA) with sonication for about 20 minutes. 
The capillaries were then allowed to dry under a vacuum desiccator until the plug formed 
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(Series 1500 Scientific Systems Inc, State College, PA) to get rid of the unreacted silanes 
and dried for two hours in a 120 oC vacuum oven for the condensation of any unreacted 
silanols. The surface stabilization of the SCCs with the trichlorosilanes was followed by 
the surface initiated atom transfer radical polymerization (ATRP) (7, 63, 64) which was 
used to grow the acrylamide layer on the SCCs surface to minimize protein adsorption. 
Care must be applied because this reaction is highly sensitive to oxygen therefore, the 
entire process was carried under inert conditions. A 3 M solution of acrylamide in DMF 
was degassed for 30 to 45 minutes and added to 74.25 mg of CuCl and 10.05 mg of 
CuCl2 under argon (Ar). After dissolution of the copper salts, 100 µL of Me6TREN was 
added and about 2 mL of the reaction mixture was transferred to the capillaries in a 
Schlenk flask under Ar. After the solution had wicked into the capillaries and all the 
packed beds were wet, the capillaries were transferred to the syringe pump (Harvard 
apparatus, Holliston, MA) and more solution was pushed through the silica plugs 
overnight. The capillaries were rinsed successively with a 0.1 M solution of EDTA and 
ultrapure water for 20 minutes each time using the syringe pump (Series 1500 Scientific 
Systems Inc, State College, PA) and dried in a vacuum desiccator overnight. The dried 
capillaries were then stored in a 4 oC fridge until electrophoresis. Scheme 2.1 shows the 

















 in the pack
e flow rate a













 is formed, 














 to slowly d
acked bed. 
on (ATRP) (




























acked in a 7
50 nm in va
served at th
oom microsc
rtion is dry 
w cracks an












 75 i.d. ca
ragg angle
ticles also s
y as is show
pillaries is a
alls (Figur
 of A. Dens





 of light res
how localiz
n in Figure
 little bit mo







ulting in a b
ed regions o
















































75 µm i.d. c
ction of a 10
ressure pack
icroscope im
e color is at




0 µm i.d. ca
ing is mostl
ob
age of a 75
tributed to th
ked bed. B. 

















 of the cross
 localized re




d with 250 n
ater which
 section of 
gions of hig
age of the c
. SEM imag
 SCCs. Lar











   25 
The high crystalline order exhibited by SCCs pressure-packed in small i.d. fused 
silica capillaries is used in this research to model size-based protein separations within 
the packed bed. Figure 2.1 B. shows that pores for sieving exist everywhere where 
particles meet. Flow versus pressure as well as protein diffusion in packed and open 
capillary experiments were carried out in our lab to determine the pore radius formed by 
the SCCs and were shown to be suitable for the size-exclusion of proteins. Chapter 3 will 
discuss the sieving electrophoresis experiment which is facilitated by the use of small 
diameter fused silica capillaries that minimize Joule heating and consequently zone 
broadening (65). The sieving medium has a high thermal conductivity and the 
polyacrylamide coating on the surface of the SCCs not only decreases the protein 
adsorption but also suppresses the EOF by masking the charges at the surface (21). 
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CHAPTER 3: HIGH-THROUGHPUT PROTEIN SIZING USING NON POROUS 
SILICA COLLOIDAL CRYSTALS BEARING A BRUSH LAYER OF 
POLYACRYLAMIDE 
3.1 Recent Developments in Electrophoresis of Proteins Using SCCs as the Sieving 
Medium 
 
The replacement of gel with a compact material that reduces broadening effects 
due to random pore distribution and provides faster Joule dissipation was discussed in 
Chapter 1. A material with such characteristics packed in small i.d. fused silica capillaries 
could significantly increase the throughput of protein sizing by electrophoresis. Our 
group has investigated the ultra-fast separations of peptides and dyes by electrophoresis 
using SCCs vertically deposited on a fused silica slide (66). However, the use of silica 
colloidal crystals as sieves for biomolecules separation using PDMS microchips was first 
described in 2007 by Zeng and Harrison (55). Subsequently, they effected the 
fractionation of 2-50 kbp DNA inside crystalline nanoarrays over a few millimeters (67). 
Densely packed nanoarrays generated from monodisperse colloidal crystals could be 
implemented into automated devices for high-throughput protein sizing. Such devices 
would be more efficient if the sieving mechanism of the biomolecules inside the colloidal 
self-assembly (CSA) could be modeled as a function of non-fitting parameters. This task 
was undertaken by Birdsall and Wirth (4) who derived and experimentally validated a 
model based on the Ogston model theory for sieving in colloidal crystal (68, 69). The  
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purpose of this work is to model an electrophoretic separation of a monoclonal antibody 
and its dimer using data and equations from the literature, and to carry out such a 
separation using a silica colloidal crystal for which the particle diameter is selected based 
on the modeling. Sodium dodecyl sulfate (SDS) denaturing is used to impart a charge on 
the monoclonal antibodies, which is necessary because these proteins typically have pI 
values near neutral pH. Covalent aggregation is ubiquitous for monoclonal antibodies due 
to scrambling of disulfide bonds. The technology would be applicable to characterizing 
covalent aggregates since SDS breaks up noncovalent aggregates. The plate height will 
be measured to assess speed and miniaturization. 
3.2 Experimental 
3.2.1 Chemicals and Materials 
Uniform nonporous silica particles were obtained from Fiber Optic Center, Inc. 
(New Bedford, MA). Fused silica capillaries were purchased from Polymicro 
Technologies (Phoenix, Arizona). The trichorosilanes, 
(chloromethyl)phenylethyltricholorosilane (BC) and methyltrichlorosilane (C1) were 
obtained from Gelest, Inc. (Morrisville, PA). CuCl (99.9%) was purchased from Alfa 
Aesar (Ward Hill, MA), CuCl2 was obtained from Acros Organics (Morris Plains, NJ) 
and acrylamide, from Sigma Aldrich (St. Louis, MO). Toluene and N,N-
dimethylformamide  (DMF) were purchased from Avantor Performance Materials 
(Center Valley, PA) and tris[2-(dimethylamino)ethyl] amine (Me6TREN) was 
synthesized according to literature (60). 10X Tris-glycine-SDS buffer was purchased 
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from Sigma Aldrich (St. Louis, MO); ethylenediaminetetraacetic acid, Avantor 
Performance Materials (Center Valley, PA); sucrose and 
tris(hydroxymethyl)aminomethane, Mallinckrodt Baker, Inc. (Phillipsburg, NJ); SDS,  
Sigma Aldrich (St. Louis, MO);   SYLGARD® silicone elastomer curing agent and base, 
Dow Corning Corp. (Midland, MI); sodium phosphate monobasic and dibasic, Avantor 
Performance Materials (Center Valley, PA). A sample of pharmaceutical-grade 
monoclonal antibody, obtained from Eli Lilly (Indianapolis, IN), had gone through drug 
development but is no longer an active candidate. The antibody was labeled with 
AlexaFluor 546 (Invitrogen, Carlsbad, CA) according to the vendor’s instructions. 
Lysozyme from chicken egg white, carbonic anhydrase from bovine erythrocytes, 
albumin from chicken egg white, human insulin solution, trypsin inhibitor from glycine 
max (soybean) and albumin from bovine serum were obtained from Sigma Aldrich (St. 
Louis, MO), Mouse anti IgG Fc antibody (anti-IgG2) was purchased from Fitzgerald 
Industries (Acton, MA). 
3.2.2 Preparation of the Silica Particles for Electrophoresis 
750 and 1000 nm silica particles were calcined, annealed, rehydroxylated, 
chemically modified and packed into 75 and 100 i.d. Teflon® coated fused silica 
capillaries respectively as described in Chapter 2. After annealing, SEM imaging 
revealed the particle diameters to be 700 ± 10 nm and 850 ± 20 nm respectively. 
 
   29 
3.2.3 PDMS Reservoirs Preparation 
A 40 g mixture of a 9:1 ratio of SYLGARD® silicone elastomer curing agent and 
base was gently stirred, poured onto a Petri dish with a silicon wafer bottom which was 
then put in a vacuum dessicator for degassing. Once the mixture was bubble free, the 
Petri dish was removed from vacuum and a lab made mold with the reservoir shapes was 
strategically set on top of the gel. The polymerization was allowed to occur overnight 
undisturbed. The reservoirs where then cut out into the desired shape and used for the 
electrophoresis experiment. 
3.2.4 Sample Preparation for Electrophoresis 
A sample of pharmaceutical-grade monoclonal antibody, obtained from Eli Lilly 
(Indianapolis, IN), was labeled with AlexaFluor 546 (Invitrogen, Carlsbad, CA) 
according to the vendor’s instructions. The concentration after labeling was 1mg/mL. For 
the electrophoresis experiment, a 50 µL, 0.05 mg/mL aliquot was prepared by diluting 
the labeled IgG with a stock loading buffer made with 62 mM Tris (base), 1 mM EDTA, 
3% sucrose and 2% SDS at pH 8.00. Aggregation was effected by heating the sample at 
74 oC for 10 minutes and confirmed using a commercial SEC column from Sepax 
(Newark, DE) with the following characteristics: Zenix SEC-300 (3 µm, 300 Å, 4.6x250 
mm). The vendor’s recommended mobile phase, sample concentration and flow rate were 
used. 
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3.2.5 Capillary Sieving Electrophoresis Apparatus 
The set-up for the electrophoresis experiment is shown in Figure 3.1. A fused 
silica capillary packed with PAAm coated silica particles was conditioned overnight with 
a commercial electrophoresis running buffer made with 25 mM tris, 192 mM glycine and 
0.1 % w/v SDS at pH 8.6 from Sigma Aldrich (St. Louis, MO). The capillary was cut to 
about 2 cm and set between PDMS reservoirs filled with the running buffer. The current 
required for the analyte migration was provided by platinum electrodes connected to a 
voltage supply (10A25A Series, Ultravolt, Ronkonkoma, NY) controlled by the Labview 
software. The in-column fluorescence detection was possible using a an inverted Nikon 
Eclipse TE2000-U microscope fitted with a 2X objective (CFI Plan Apo 2X from Nikon 
Instruments Inc., Melville, NY) and connected to a ProEM 512 CCD camera (Princeton 
Instruments, Trenton, NJ). Excitation was provided through a Hg lamp (Nikon 
Intensilight C-HGFI, Nikon Instruments Inc., Melville, NY) and emission at the 
appropriate wavelength was recorded using filter cubes from Omega Optical 
(Brattleboro, VT). During electrophoresis, the data was acquired with the Winview 32 
software (Princeton Instruments, Trenton, NJ). 
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3.3 Results and Discussion 
3.3.1 Rationale behind the Pore Size Determination for Antibody Aggregates Detection 
Electrophoresis results reported recently by Birdsall and Wirth (4) are analyzed 
further here to understand how these materials can be used to study aggregation of 
monoclonal antibodies. Figure 3.2 A. shows an electropherogram, where a silica colloidal 
crystal made of a particle 483 nm in diameter was used for electrophoresis of lysozyme 
(14.7 kDa), trypsin inhibitor (20 kDa), carbonic anhydrase (29 kDa), and bovine serum 
albumin (67 kDa). The electropherogram shows narrow zones as the proteins 
electromigrate past a fixed detection point, which was only 4 mm from the injection 
point. The zones broaden as protein size increases. This is typical behavior for 
electrophoresis, where plate height increases with protein radius. The plate heights were 
not calculated in the original work, but are essential in the context of the present work, 
and thus are calculated here: the plate heights increase in the order 0.33, 1.0, 1.6, and 3.3 
μm for the smallest to the largest protein. These are all smaller than the typical plate 
height of 10 μm for medium-sized proteins in gels (70). The unusually small plate heights 
demonstrate that the silica colloidal crystals are promising for miniaturization. Figure 3.2 
B. shows a plot of molecular weight vs. normalized migration rate through the medium. 
The shape of the curve is similar to such curves for gel electrophoresis, where the 
mobility goes to zero when the molecular weight exceeds the pore size, and the velocity 
is no longer dependent on molecular weight when the protein radius becomes negligible 
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The image illustrates the benefit of gel electrophoresis: a wide range of molecular 
weights is separated, and many lanes can be run simultaneously. The first lane, which has 
the size standards, allows one to identify the antibody, which is the most intense band in 
the subsequent lanes. In the subsequent lanes, the aggregates of the antibody are visible at 
higher molecular weight, and fragments are visible at lower molecular weights. The data 
for the size standards are analyzed here by Equation 3.2, and the results are plotted in 
Figure 3.4 A. The data in red are for the gel, and the curve is from Equation 3.2, with r 
and ξ adjusted for best fit. 
Figure 3.4 A. also uses Equation 3.1 for colloidal crystals to make a comparison 
of selectivity, which is the blue curve. The circles show the theoretical positions of the 
same size standards for comparison. The mobility was divided by porosity to make the x-
axes coincide. The graph reveals that the selectivity is similar for the gel and the colloidal 
crystal, with selectivity being somewhat higher for the gel. 
The two equations allow a theoretical comparison between a gel and a colloidal 
crystal when each have a pore size better suited for resolving a monoclonal antibody from 
its dimer with higher velocity. The resulting plot is in Figure 3.4 B. where the pore sizes 
were adjusted to give the same velocity for the dimer. The comparison shows that the gel 
has a 10% higher selectivity. This is a small difference, but it seems surprising that the 
disordered gel would give higher selectivity. The underlying reason is that the pore size 
distribution enables the gel to separate a wider range of proteins, which translates to a 
smaller slope in log(MW) vs. mobility. The analysis shows that the colloidal crystal is a 
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Since the goal is high throughput, the velocities must also be considered. In 
Figure 3.4, the plots were made with respect to “relative mobility, “which is the 
normalized mobility divided by the porosity. The porosity is not known for the gel, but it 
is likely close to unity since the polyacrylamide fibers probably take up much less of a 
negligible volume fraction of the gel. In fact, the best fit of the data for the size standards 
gave a fiber radius of zero. For the colloidal crystal, the porosity is 0.2, and the porosity 
is inherently low because the silica particles take up most of the volume. What this means 
in practice is that the absolute velocity in the colloidal crystal will be about fivefold lower 
than that of a gel. The colloidal crystal thus has two problems to overcome: somewhat 
smaller selectivity and a much lower velocity. These limitations can potentially be 
overcome by a much smaller plate height. 
In choosing the particle diameter for the colloidal crystal, one must consider the 
trade-off between speed and selectivity. To elaborate, Equation 3.1 shows that selectivity 
is enhanced by having the pore size closer to the protein size, but the equation also shows 
that the electrophoretic mobility is slowed as the pore size approaches the protein size. 
Equation 3.1 can be used to examine the trade-off between speed and selectivity to select 
an optimal pore size. A plot of both selectivity and speed with respect to pore size was 
made by use of Equation 3 and is given in Figure 3.5 A. The plot reveals that selectivity 
drops sublinearly whereas speed goes up nearly linearly until the pore radius exceeds 30 
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protein radius by introducing a stochastic variable, ξ’, to account for random changes in 
pore radius, and relating this to changes in μ. Adding ξ’ to ξ in Equation 3 and then 
differentiating mobility with respect to ξ’ gives a simple relation when ξ>>R>>ξ’. 
			                           	                            డሺஜ/ஜబሻడకᇱ ൌ 	ߝ ቀ
ଶ	ோ
కమ ቁ			                    (Equation 3.3) 
Since this variation in mobility with pore size would be proportional to zone 
width, then its square would be proportional to plate height. If the pore size distribution is 
the origin of the broadening, and the pore size variations are small, then plate height 
should be proportional to R2. Such a plot is given in Figure 3.5 B., where the least 
squares fit shows good agreement, and the intercept is zero. Extrapolating to higher 
molecular weights gives calculated plate heights of 9, 20, and 32 μm for monomer, 
dimer, and trimer of a monoclonal antibody. For detecting aggregation of antibodies, 
larger pores are needed as is shown in Figure 3.6. For a protein of a given radius R, the 
electrophoretic mobility through pores of varying radii ξ or ξ’ is high if R << ξ < ξ’. 
However, as R approaches ξ or ξ’, the mobility is considerably slowed down. This led us 
to choose 1,000 nm as the particle diameter, which is twice that of the 500 nm particles 
that gave the pore radius of 27 nm. However, one cannot assume the new pore radius is 
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position of 0.65 cm was used and the intensity was monitored vs. time to generate an 
electropherogram. Figure 3.7 B. shows a chromatogram from size-exclusion 
chromatography for the same sample. The resolution is similar, slightly higher for 
electrophoresis, but the time scale for electrophoresis is fivefold shorter. Both separations 
show primarily the monomer and dimer peaks. There is evidence for a large aggregate in 
the electrophoresis data. Both show evidence of species with smaller molecular weight, 
but more precisely controlled samples will need to be studied as well as a variety of 
particle sizes, to learn what additional information is obtainable. The fivefold higher 
speed in separating monomer from dimer, combined with the present commercial 
capability of running 24 capillaries simultaneously in electrophoresis, promises higher 
throughput for assessing aggregation of monoclonal antibodies in the optimization of 
formulations. 
3.3.4 Particle Size, Migration Distance and Voltage Effects on Separation Resolution 
Extremely small plates were obtained when 1000 nm particles were used for the 
sieving of the mAb monomer and dimer. These exciting results led us to investigate 
improvement in resolution using 750 nm particles. The mAb monomer was separated 
from its dimer in about 4 minutes, 2.3 cm away from the capillary front as shown in 
Figure 3.10 A. From the Gaussian fits of the two protein zones, extraordinary plate 
heights of 0.09 and 0.3 µm were achieved for the monomer and dimer respectively 
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As shown in Figure 3.11, 50, 75 and 100 V are the voltages that provide the best 
separation at the fixed distance of 1.7 cm for this particle size as resolution is lost at 
higher voltages. Figure 3.12 A. shows that as voltage/ cm increases, the electrophoretic 
mobilities of monomer and dimer become equal while Figure 3.12 B. shows loss of 
resolution as the separation time decreases with increasing electric field. These 
perplexing results are under active investigation in our research group and avenues such 
as: 
 Instability of the mAb dimer which is exacerbated at higher voltage 
 The fact that the polymer layer does not act like a hard boundary under 
higher voltage 
 A uniformly thick polymer layer is not formed during ATRP or a 
combination of both along the plug 
 Dimer reputation at higher voltages 
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3.3.5 Preliminary Results Using AGET ATRP 
The current method for the in situ surface-initiated polymerization of SCCs is 
cumbersome. This is caused by the stringent O2 free requirement for a successful 
reaction; which can only be met through a thorough degassing of DMF and several argon/ 
vacuum cycles.  
Our group is currently investigating an alternative polymerization known as 
AGET ATRP. This method is not affected by O2 because unlike ATRP, CuCl is omitted. 
Instead a reducing agent converts CuCl2 to CuCl. Using this technique, 500 nm SCCs are 
coated with a brush layer of acrylamide and packed in 100-id fused silica capillaries as 
described in Section 2.4. Preliminary separations for Alexafluor 488- labeled albumin 
from bovine serum and carbonic anhydrase are shown in Figure 3.13. Further 
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3.4 Concluding Remarks 
Silica colloidal crystals are an emerging material for the fast and efficient 
separations of monoclonal antibodies and aggregates. The uniformity of the material 
allows a much smaller footprint, a higher speed and less zonal broadening contributions 
as compared to polyacrylamide gel. With the tiny separation lengths of less than 1 cm, 
the media could be patterned for direct compatibility with the robotics of 96-well plates 
for high throughput. The results presented here use SDS-denatured protein, which 
assesses covalent aggregates, which are arguably more deleterious than noncovalent 
aggregates. Further studies are needed to address native electrophoresis for assessing 
noncovalent aggregates. The silica colloidal crystal makes it easy to control pore size for 
sieving large proteins with minimal broadening. Larger particles could be used, in 
principle, to assess even larger aggregates. The remaining issues for reduction to practice 
are the design of such devices and label-free detection. Protein ladder separation will 
require an optimized pore size and PAAm length for the high resolution separation of a 
wide range of proteins. AGET ATRP not only simplifies the polymerization process but 








SYNTHESIS AND FRAGMENTATION STUDIES OF ASPHALTENE MODEL 
COMPOUNDS CAUSED BY COLLISION-ACTIVATED DISSOCIATION USING A 
LINEAR QUADRUPOLE ION TRAP 
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CHAPTER 4: BACKGROUND ON ASPHALTENES, MODEL COMPOUNDS 
SYNTHESIS AND INSTRUMENTATION 
4.1 Asphaltenes Overview 
Asphaltenes, complex mixtures of organic compounds, make up the for heaviest, 
most polar and highest boiling point fraction of crude oil. The steady exhaustion of 
lighter crude reserves as well as the ever climbing cost of oil is shifting the focus of the 
refining industry towards renewable energy sources and utilization of the heavier 
fractions of petroleum which contain a higher percentage of asphaltenes (up to 20 %) 
(73). However, asphaltenes are known to aggregate and precipitate in oil pipelines 
making crude oil processing problematic (74). A better understanding of asphaltenes is 
necessary to efficiently process heavier crude residuals (75). Prior research suggests 
asphaltenes are made up of large polycyclic and aliphatic hydrocarbon networks (40 % 
aromatic carbons) with a carbon to hydrogen ratio of 1:1.2, and are rich in heteroatoms 
such as nitrogen, oxygen, sulfur, porphyrins as well as metals such as vanadium and 
nickel (73, 74, 76-86). Two tentative motifs are currently used to describe the structural 
configuration of asphaltenes: the island and archipelago models; the island or continental 
type has one aromatic core with alkyl chains branching out and is believed to be the most 
predominant model. The archipelago model consists of several fused aromatic and 
partially saturated ring systems connected by alkyl chains stemming from the main core 
(87-94). Significant efforts have been made to synthesize compounds that mimic the 
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structural and physicochemical properties of actual asphaltenes but these models fail to 
encompass all known characteristics of asphaltene (95-97). Recent work compared mass 
spectrometric fragmentation patterns of asphaltenes with island and archipelago-type 
asphaltene model compounds by laser-induced acoustic desorption (LIAD) and electron 
or chemical ionization (EI/ CI) (75, 98) as well as atmospheric pressure chemical 
ionization (APCI) (98). Results favor the island model although it is likely that the 
samples studied are composed of several isomeric and isobaric molecules (91, 98). 
Herein, we present smaller island and archipelago model compounds. These compounds 
are representative of the simpler yet similar aromatic and heteroaromatic cores present in 
asphaltenes.  APCI was performed in a linear quadrupole ion trap (LQIT) mass 
spectrometer using carbon disulfide (CS2) as the preferred solvent and ionization reagent 
because of the asphaltenes’ higher solubility (98) and extensive fragmentation in CS2. 
This process resulted in the generation of molecular ions (M+●) which were isolated and 
fragmented by collisionally activated dissociation (CAD). The goal of this study is to 
uncover some of the structural features present in asphaltenes by analyzing the 
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4.2 Synthesis of the Asphaltene Model Compounds 
All reagents used in this work were of commercial grade and used without further 
purification. 
4.2.1 Synthesis of the Alkyl and Phenyl-Substituted Naphthalenes 
Compounds 1-3 were synthesized using a protocol available in the literature (99). 
Scheme 4.1 shows the route employed.  
 
Scheme 4.1 Synthesis of the alkyl and phenyl-substituted naphthalenes. 
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4.2.2 Synthesis of the Alkyl and Phenyl-Substituted Isoquinolines 
 
The protocols describing the synthesis of compounds 4-9 are published elsewhere 
(100-102). Scheme 4.2 shows the routes employed to synthesize those compounds and 
Table 4.1 presents the corresponding yields. 
 
Scheme 4.2 Synthesis of the alkyl and phenyl-substituted isoquinolines. For compounds 
5-9, a palladium-catalyzed annulation of internal alkynes with an imine intermediate is 
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4.3 Linear Quadrupole Ion Trap (LQIT) Mass Spectrometry 
 The resolution in ion trap mass spectrometers is achieved by the stability 
of the trajectory of ions in a fluctuating electric field.  The main advantage of using a 
linear quadrupole ion trap mass spectrometer is the increased ion storage capability of the 
linear trap compared to the three-dimensional quadrupole ion trap (QIT). This leads to 
reduced space charge contributions that would otherwise cause low mass resolution 
(103). The highly improved confinement capacity of such instruments coupled with mass 
selection events known as tandem mass spectrometry allow for a better understanding of 
gas-phase ion chemistry (104). There are several methods that can be used to induce 
ionization. However, APCI is the only method that would be discussed as it was the 
method of ionization chosen to carry out this project.   
4.3.1 Atmospheric Pressure Chemical Ionization (APCI) 
APCI is a soft ionization technique which means that at least some of the analyte 
is converted into ions with retain their initial structural profile (105). APCI is very similar 
to chemical ionization (CI) however, it occurs at atmospheric pressure instead of vacuum. 
The working principle of APCI is shown in Figure 4.1. The solvated analyte is introduced 
into the ion probe, through a heated ion transfer tube (150-225 oC) at a flow rate that is 
kept between 200 µL/min and 2.0 mL/min for a stable spray. The tube is surrounded by a 
nebulizer co-axial gas known as auxiliary gas (usually nitrogen). When needed, a 
secondary outer gas known as the sheath gas (usually nitrogen) is also applied. The heat 
of the transfer tube and the gases will nebulize the sample into a fine mist of droplets. 
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Scheme 4.3 Ionization process in APCI where CS2 is used as solvent. 
As a general characteristic, APCI is a better ionization method for low polar and 
low molecular weight analytes. 
4.3.2 LQIT Instrumentation 
 A Finnigan LTQ linear quadrupole ion trap mass spectrometer (Figure 4.2), 
equipped with an atmospheric pressure ionization (API) source, was used to complete 
APCI mass spectrometry experiments. Working solutions, made by dissolving the 
asphaltene model compounds in CS2 at concentrations of ~20 µg/mL, were infused into 
the ion source via the incorporated syringe line of the instrument using a 500 µL 
Hamilton syringe. Standard APCI parameters were set: vaporizer temperature; 300 oC, 
Corona Discharge Ionization: Ionization of nitrogen to primarily yield 
Solvent Molecule Ionization: Formation of solvent molecules 
through a series of collisions with nitrogen gas ions 
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 Ion isolation waveform voltage, resonance excitation RF voltage, and resonance 
ejection RF voltages are used to disrupt the stable trajectory of ions inside the trap. They 
are applied to the exit rods to eject trapped ions and orient them towards the ion detection 
systems. 
The ejected ions converge towards the conversion dynode. Upon striking the 
dynode, secondary particles are generated. These particles are accelerated into the 
electron multiplier where more electrons are generated thereby amplifying the 
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CHAPTER 5: STUDY OF COLLISION-ACTIVATED DISSOCIATION OF IONIZED 
ASPHALTENES’ MODEL COMPOUNDS USING A LINEAR QUADRUPOLE ION 
TRAP MASS SPECTROMETER 
5.1 Naphthalene-Based Model Compounds 
The fragmentation of the two regiomeric asphaltene model compounds was 
similar although in both cases CAD of the molecular ion favored loss of even-electron 
neutral molecules (alkenes, Figure 5.1). This was initially considered a surprising 
departure from the conventional fragmentation pathway of alkyl-substituted aromatics 
which is known to go through a cleavage at the benzylic position resulting in even - 
electron (odd mass) fragments. However, benzene rings substituted by larger alkyl groups 
(number of carbon atoms ≥ 3) can undergo a γ-H● shift similar to the “true” McLafferty 
rearrangement. Such a rearrangement is most likely driven by a highly favored 6-
membered transition state that results in a molecular ion that can be stabilized by loss of 
H● (107). This occurrence in the case of phenylalkanes can be extrapolated to alkyl 
substituted naphthalenes and provides a plausible explanation for the observed 
fragmentation pattern. A proposed mechanism for this McLafferty rearrangement is 
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This mechanism assumes that position 2 on the naphthalene ring is more sterically 
hindered than position 4 by the free degrees of rotation of the propyl group resulting in 
the γ-H being mainly transferred to position 4 after ionization.  
In addition to the McLafferty rearrangement, 1-butyl-3-propylnaphthalene (2) 
undergoes the expected benzylic cleavage to yield an even electron/odd mass fragment as 
the primary product (Figure 5.1.B). Unlike its isomer, 1-butyl-3-propylnaphthalene (2) 
has a single receiving site for the γ-H transfer which happens be sterically encumbered 
(position 2) hence possibly favoring the benzylic cleavage over the McLafferty 
rearrangement.  
MS3 experiments for both isomers result in further alkyl chain fragmentation with 
both even and odd electron fragments being formed (Table A.1). 
The CAD spectrum for the molecular ion of a more complex model compound, 3-
butyl-2-ethyl-1-phenylnaphthalene (3) is shown in Figure 5.2. As previously observed, 
the McLafferty rearrangement appears to be the major fragmentation pathway in this case 
as the only receiving site for the γ-H transfer is sterically unencumbered. This results in 
an odd electron fragment that undergoes α-cleavage (Scheme 2). The small fragments at 
m/z 183 and 245 (Figures 5.1A and 5.2) result from the benzylic cleavage at the butyl 
chain of the respective molecular ions. These observations may be an indication that the 
McLafferty rearrangement is the fragmentation pathway of choice for larger alkyl (≥ 3 
carbon long) - substituted naphthalenes.  
The fragmentation study of isolated protonated molecules of a Maya asphaltene 
sample (APCI, toluene) carried out by Borton et al., showed molecules which fragment 
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by loss of their alkyl chains (methylene units) in an exponential decay pattern. As a 
possible explanation for a dominant methyl loss, they inferred the presence of several 
ethyl groups or some branching at the α-carbon (97). The model compounds we 
synthesized are intended to represent smaller aromatic cores with pending alkyl chains of 
different lengths. A common observation to both studies is that the main fragmentation 
pathway occurs by loss of alkyl chains, however the molecular ions generated by our 
naphthalene model compounds are not as robust as the protonated molecules upon CAD 
at comparable collision energies. Also, as mentioned, the molecular ions mainly fragment 
by loss of the largest alkene molecule (Scheme 5.1) rather than a major methyl group 
followed by successive methylene units. This could possibly indicate a change in 
fragmentation mechanism of the alkyl chains as a function of the aromatic core size 
(number of aromatic rings) and varying lengths of the pending chains which is currently 
under investigation in our group. 
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5.2 Isoquinoline-Based Model Compounds 
Nitrogen containing aromatics are well established components of asphaltenes. 
We synthesized alkyl- and phenyl- substituted isoquinolines to encompass structural 
features of hetero-asphaltenes. Those were subjected to APCI/CAD events and a different 
fragmentation behavior was observed when compared to their naphthalene counterparts.  
The simplest azanaphthalene compound studied was 1-phenylisoquinoline (4) 
which mainly fragmented by hydrogen radical loss (Figure 5.3.A, scheme 5.3). 
Surprisingly, higher collision energies resulted in the loss of benzyne (m/z 142) followed 
by water addition (m/z 160) (Figure 5.3B, scheme 5.3B). This addition may be favorable 
to restore the aromaticity of the ring and could be used as a benzylic cleavage indicator in 
structural elucidation of asphaltenes.  
Analyzing the MS2 spectrum of 3,4-diphenylisoquinoline (5). The main 
fragmentation occured by H● loss yielding an even electron fragment (m/z 280) which in 
turn lost hydrogen cyanide and benzene (Figure 5.4). This fragmentation pattern could be 
used as a structural elucidation tool for asphaltene compounds which behave similarly 
upon CAD. 
 Figure 5.3 CAD (collision energy o
benzyliso
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Scheme 5.3 A. Proposed mechanism for the formation of the isoquinolium fragment (m/z 
218) by hydrogen radical loss from the molecular ion of 1-benzylisoquinoline (4). B. 




The MS/MS spectra of alkyl-substituted isoquinolines such as 4-methyl-3-
phenylisoquinoline (6) and 4-ethyl-3-phenylisoquinoline (7) showed base peaks formed 
by H● loss from the molecular ion (Figures 5.4 and 5.5).  Hydrogen cyanide was expulsed 
from the [M–H] + ion (m/z 218, Figure 5.4) while benzylic cleavage resulted in methyl 
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These results show the influence of alkyl substituents on heterocyclic aromatic 
cores; applying this perspective to asphaltenes, it is possible that the longer the alkyl 
subtituent, fragmentations patterns such as benzylic cleavage and McLafferty 
rearrangements predominate hydrogen cyanide loss. Supporting this argument, Sample et 
al. showed that as methyl substituents on quinoline and isoquinoline rings were 
increased, less hydrogen cyanide was loss during electron impact (108).The successive 
hydrogen losses observed for compound 6 are not uncommon occurrences, mechanisms 
involved for aromatic systems have been vastly studied (109, 110). 
3,4-diphenylisoquinoline (5) was synthesized to represent a compact archipelago-
type asphaltene  and its CAD spectrum (Figure 5.6) showed hydrogen cyanide and 
benzene losses from the [M–H]+ ion (m/z 280). Despite a high collision energy of 40 and 
activation Q of 0.5, the intensity of the fragment resulting from benzene cleavage was 
rather small. This would suggest that an asphaltene with such features would have a 
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Scheme 5.4  A. Proposed mechanism for the formation of the ortho-pyridyne fragment 
(m/z 304) by hydrogen radical loss from the molecular ion of 3-phenyl-4-
(phenylethynyl)isoquinoline (8). B. Proposed mechanism for the formation of fragments 
of m/z 228. 
5.3 Concluding Remarks and Perspectives 
The challenge posed by the structural elucidation of asphaltenes is tackled from 
various angles by several research groups. Our approach to this pressing issue involved 
the synthesis of naphthalene and isoquinoline- derived compounds that model compact 
versions of archipelago and island-type asphaltenes. This was done in an effort to 
decipher fundamental fragmentation pathways and mechanisms of asphaltenes. 
Fragmentation studies by tandem mass spectrometry yielded the following observations: 
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(i) The island-type regiomeric  naphthalenes favor the McLafferty rearrangement 
as the major fragmentation pathway whenever steric  factors are negligible 
causing loss of even electron molecules . This suggests that structural 
elucidation of asphaltenes should take into account regiomeric/isomeric 
fragmentation differences when assessing possible structures. 
(ii) Cleavage of alkyl chains branching off the aromatic core overshadows ring 
opening fragmentations which seem to mostly occur during MS3 and MS4 
events. 
(iii) The azanaphthalenes mainly fragment by hydrogen radical loss yielding very 
stable [M–H] + fragments. Hydrogen cyanide loss is dependent on the nature 
of the substituent and is not always observed. 
(iv) Methyl loss from the molecular ions of the regiomeric isoquinolines was a 
surprising observation that led to infer that such a pathway probably gives rise 
to a stable fragment at least for one of the regiomers. 
Understanding and interpreting fragmentation routes and associated mechanisms for the 
model compounds presented herein brings a new insight into assessing asphaltene 
structures; differences in fragmentation for regiomeric compounds as well as unexpected 
losses caused by the McLafferty mechanism or the complete scrambling of the molecular 
ion are possible occurrences when analyzing asphaltene samples by tandem mass 
spectrometry. Further delving into the effects of the substituent’s nature (size, length, 
conformation, degree of unsaturation) on the fragmentation of asphaltenes should take us 
a step closer to elucidating their structure and is actively investigated in our research lab. 
  





TOWARD THE SYNTHESIS THE PHOTOAFFINITY LABELED ANALOG AND 
MODE OF ACTION STUDIES OF 
CALLIPELTIN A  
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CHAPTER 6:  SYNTHESIS OF THE β-MeO-tyr AZIDE ANALOG OF A NON-
PROTEOGENIC AMINO ACID RESIDUE OF CALLIPELTIN A 
6.1 Background on Callipeltins and Mirabamides 
The fight to annihilate HIV (human immunodeficiency virus), the causative agent 
of the acquired immunodeficiency syndrome (AIDS), has been relentless over the last 
two decades. This statement is backed by the fact that more treatments are available for 
HIV compared to all the other viral illnesses. However, this constant advance is clouded 
by factors such as toxicity and drug resistance which makes the quest for new treatment 
of paramount importance (112). 
            In this regard, our group has laid its interest on Callipeltin A (10), a cyclic 
depsidecapeptide isolated from the Lithistid sponges Callipelta Sp and Latrunculia sp. 
whose structural backbone contains three non-proteogenic amino acid residues: 
(2R,3R,4S)-4-amino-7-guanidino-2,3-dihydroxyheptanoic acid (AGDHE), β-methoxy 
tyrosine (β-OMeTyr) and (3S,4R)-3,4-dimethyl-L-glutamine (diMeGln) branching off a 
lactone macrocycle. Its antiviral activity was measured on HIV-1 (Lai strain) infected-
CEM4 lymphocytic cell lines (ED50 =0.01µg/mL) and it was also shown to have 
cytotoxic activity against various cancerous cell lines (NSCLC-N6 non-small-cell-lung 
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Figure 6.3 Biotinylated analog of Callipeltin A. 
Upon successful conversion of the hydroxyl group of the β-MeOTyr unit to an 
azide, the latter fragment will be incorporated in the general structure of Callipeltin A by 
solid phase peptide synthesis to obtain Callipeltin analog 12.  
6.2 Results and Discussion 
The diastereo- and enantioselective synthesis of the β-MeOTyr has been 
accomplished by Dr. David Cranfill, starting from 4-hydroxy methylcinnamic acid (116). 
We decided to carry out the same synthesis to familiarize ourselves with the chemistries 
involved. 
We treated 4-hydroxy methylcinnamic acid (13) with sulfuric acid in methanol to 
obtain the ester 14 whose hydroxyl substituent was subsequently protected with the tert-
butyldimethylsilyl (TBS) group to afford 15 in 89% yield (89% yield over 2 steps, 
Scheme 6.1). 
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Scheme 6.1 Synthesis of the TBS protected 4-hydroxy methylcinnamate. 
Having the desired starting material in hand, we proceeded with the key step of 
our synthesis: the aziridination of compound 15. This was done by reacting it with a 
catalytic amount of Cu(O2OSCF3)2 and (-)-2,2’-isopropylidene[(4S)-4-phenyl-2-
oxazoline] as the ligand. This resulted in the formation of 16 in 50% yield (6:1 
diastereomeric ratio (dr) and 7:1 enantiomeric ratio (er)) (Scheme 6.2) and as it was 
observed by Dr. Cranfill, when the aziridination was carried out in acetonitrile, the 
diastereomeric ratio was lowered to about 2:1. 
 
Scheme 6.2 Aziridination of compound 15. 
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Compound 16 then underwent removal of the nosyl group using 4-
methoxythiophenol to yield the amine 17, which was then coupled with both enantiomers 
of  the Mosher acid chloride for the enantiomeric excess determination (Scheme 6.3) 
(116). 
 
Scheme 6.3 Synthesis of the β-MeOTyr moiety and determination of the enantiomeric 
excess. 
For the synthesis of the β-MeOTyr azide analog, 4-azido benzaldehyde was used 
as the starting material, which could be obtained from 4-nitrobenzaldehyde in three steps 
(Scheme 6.4) (117). 
 
 Scheme 6.4 Synthesis of 4-Azidobenzaldehyde. 
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The protection of the aldehyde group of 4-nitrobenzaldehyde occurred in 
quantitative yield. More difficulties were encountered in trying to reduce the nitro group 
of 19. Several conditions were attempted, however, the desired product was not obtained 
(Table 6.1). 
Table 6.1 Conditions for the Reduction of Compound 19 
Entry SM Reaction conditions Results 
1 19 H2, Pd/C, EtOH/THF 1:1 traces of product  
2 19 TBAB, SnCl2.2H2O no desired product 
3 19 Zn dust, HCOONH4, MeOH/ EtOAc 1:1 no desired product 
4 19 Raney Nickel, HCOOH, H2 no desired product 
5 19 H2, Pd/C, EtOH no desired product 
 
 
We postulated that the resonance product in Scheme 6.5 may undergo 
polymerization under the reaction conditions thereby reducing the yield of the amine. 
 
Scheme 6.5 Resonance Mechanism of 20. 
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An alternate route for the synthesis of 4-azido methylcinnamate was performed 
(Scheme 6.6). 
  
Scheme 6.6 Alternate route for the synthesis of 4-azido methylcinnamate. 
The key step of Scheme 6.6 is the selective reduction of the nitro group of 
compound 22 in the presence of the carbon-carbon double bond. The conditions we tried 
(hydrazine/formic acid complex in the presence of zinc powder) did not give us the 
desired product during later trials. We decided to make other attempts using the reaction 
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Table 6.2 Conditions for the Nitro Group Reduction of Compound 22 
Entry SM Reaction conditions Results 
1 22 Pd(OH)2/C, THF:EtOH (1:1), H2, 30 mins pilot conditions* 
2 22 Pd/ BaSO4, EtOAc, Quinoline, H2 no desired product 
3 22 Zn dust,  HCOONH4, MeOH/ EtOAc 1:1 no desired product 
4 22 Hydrazine glyoxylate, Zn dust no desired product 
5 22 H2NNH2• HCOOH, Zn, EtOAc no desired product 
* These conditions reduced both the nitro group and the carbon-carbon double bond. The product was used 
in TLC analysis to assess the reduction pattern of the other conditions. 
 
Upon several trials, we settled for the direct reduction of 4-nitrobenzaldehyde to 
4-aminobenzaldehyde using SnCl2•2H2O in ethanol at reflux (118). The amine was then 
converted into an azide followed by the Horner-Wadsworth-Emmons reaction to yield 24. 
(Scheme 6.7) 
 
Scheme 6.7 Synthesis of the β-MeOTyr azide analog 26. 
The yield of the aziridination/methanol opening steps was lower than with the 4-
hydroxy methylcinnamate counterpart. We postulated that the electron-donating nature of 
the hydroxyl group compared to the azide may facilitate the aziridine formation and 
consequently account for the higher yield. Also, the conditions used for the removal of 
the nosyl group are presented below (Table 6.3). 
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Table 6.3 Conditions for the Nosyl Group Removal to Obtain Compound 26 
Entry SM Reaction conditions 
Results 
(yield/observation) 
1 25 HSCH2CH2OH, DBU,DMF 
Azide reduction 
observed 
2 25 Thiophenol, K2CO3, CH3CN/DMSO (49:1), reflux at 50 oC (119) 26 
3 25 Thiophenol, K2CO3, CH3CN/DMSO (49:1) 21 
4 25 4-Methoxythiophenol, K2CO3, CH3CN/DMSO (49:1) 
20 
 
We have been intrigued by the results presented in Table 6.3 as we expected 4-
methoxythiophenol to improve the yield of the reaction compared to thiophenol. We 
suspected that upon silica gel column chromatography purification some of the amine 
product binds irreversibly to the silica gel and this could explain why the yield has been 
so constantly low. 
At that point in time, our next goal was the determination of the diastereomeric 
and enantiomeric ratios of 26 as well as establishing the stereochemistry of its two 
stereocenters. In order to do so, we decided to carry out the aziridination reaction in 
acetonitrile as it was shown to reduce the diasteromeric ratio of the nosyl-protected β-
MeOTyr while only one diastereomer was obtained when using dichloromethane (116). 
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Scheme 6.8. Conditions for the separation of the diastereomers of 25. 
Conditions “a” did not lead to the separation of the two diastereomers while 
conditions “b” did. Upon analysis of the 1H NMR spectrum of the diastereomeric 
mixture, we came up with a diastereomeric ratio of 1.4:1 by integration. 
The stereochemistry of the two stereocenters of 25 was determined by 1H NMR 
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derivatizing agent (CAD): a tartaric acid derivative, 28a, which would be prepared 
according to Scheme (6.9) (120). 
 
Scheme 6.9 Formation of CAD 28. 
 
Diethyl tartrate (DET) was used as the starting material instead of the dimethyl 
analog. We attempted the direct acetal formation of benzophenone with DET using Dean-
Stark conditions and varying the acid catalyst without success (Scheme 6.10). 
 
Scheme 6.10 Conditions Attempted for the Direct Formation of Compound 28a. 
We proceeded to convert benzophenone to benzophenone dimethyl acetal and 
react it with L- or D-DET. Below are the different conditions used to achieve that goal. 
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Table 6.4 Conditions for the Formation of Benzophenone Dimethyl Acetal 
Entry SM Reaction conditions Results (yield)
1 29 
 
HC(OCH3)3, p-TsOH, MeOH 
 
SM recovered 
2 29 *HC(OCH3)3, Ce(OTf)3, MeOH, Et3N (121)  SM recovered 
3 29 HC(OCH3)3,  LiBF4, MeOH (122)  SM recovered 
4 29 * *HC(OCH3)3, MeNO2, triflic acid, MeOH (123)  43% 
* Ce(OTf)3 may have not been in usable conditions due to its yellowish physical appearance 
instead of the normal white. 
** Yield obtained after recrystallization 
 
Once we obtained the benzophenone dimethyl acetal, we attempted to make 
compound 28a (Scheme 6.11). 
 
Scheme 6.11 Other conditions attempted for the synthesis of compound 28a. 
 
It became evident that the transacetalization reaction was extremely water 
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 Following a successful testing, incubation of the biotinylated analog of 
Callipeltin A with the glycoproteins gp120 and gp41 with irradiation will 
be carried out. 
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Appendix A: Supplemental Data for Chapters 4 and 5 
 
A.1 1H and 13C NMR of Asphaltene Model Compounds 
All reagents used in this work were of commercial grade and used without further 
purification. 1H NMR spectra were recorded at 300 MHz while 75 MHz was used for 13 C 
nuclei. 230-400 mesh silica gel was used for purification by flash chromatography. 
Compounds 1-3 were synthesized using a protocol published elsewhere (99). 
 3-Butyl-1-propylnaphthalene (1).  Off white oil. 1H NMR (300 MHz, CDCl3) δ 
(ppm) 0.97 (t, J = 7.0 Hz, 3H), 0.98 (t, J = 7.0 Hz, 3H), 1.46 (m, 2H), 1.73 (m, 
4H), 2.74 (t, J = 7.5 Hz, 2H), 3.04 (t, J = 7.7 Hz, 2H), 7.18 (d, J = 1.6 Hz, 1H), 
7.43 (dt , J = 3.0 Hz, 2H), 7.47 (d, J = 1.7 Hz, 1H), 7.78 (dd, J = 3.5 and 5.7 Hz, 
1H), 8.00 (dd, J = 3.3 and 6.2 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ (ppm) 
13.83, 13.92, 22.81, 24.33, 32.73, 32.95, 38.08, 124.63, 124.70, 125.22, 127.43, 
127.48, 128.11, 130.27, 134.00, 138.63, 139.65.  
 
 1-Butyl-3-propylnaphthalene (2). Colorless oil 1H NMR (300 MHz, CDCl3) δ 
(ppm) 0.95 (t, J = 9 Hz, 3H), 1.03 (t, J = 6 Hz, 3H), 1.40 (m, 2H), 1.69 (m, 2H), 
1.77 m, 2H), 2.74 (t, J = 9 Hz, 2H), 3.02 (t, J = 6 Hz, 2H), 7.18 (d, J = 1.8 Hz, 
1H), 7.42 (dt, J = 3.5 Hz, 2H), 7.48 (s, 1H), 7.78 (dd, J = 3.4 and 6.3 Hz, 1H), 
8.00 (dd, J = 3.4 and 6.3 Hz, 1H);  13C NMR (75 MHz, CDCl3) δ (ppm)  13.91, 
14.22, 22.35, 23.86, 33.42, 35.09, 35.68, 123.63, 124.63, 125.22, 127.53, 127.58, 
128.08, 130.27, 134.02, 138.38, 139.84.  
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 3-Butyl-2-ethyl-1-phenylnaphthalene (3). Yellow oil 1H NMR (300 MHz, 
CDCl3) δ (ppm) 1.01 (t, J = 7.3 Hz, 3H), 1.02 (t, J = 7.5 Hz, 3H), 1.51 (m, 2H), 
1.74 (m, 2H), 2.59 (q, J = 7.4 Hz, 2H), 2.84 (t, J = 7.8 Hz, 2H), 7.25-7.50 (m, 
8H), 7.69 (s, 1H), 7.77 (d, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ (ppm)   
14.02, 15.52, 22.90, 23.25, 32.78, 33.61, 124.7, 126.22, 126.41, 126.72, 126.91, 
127.37, 127.77, 128.00, 128.40, 130.21, 131.40, 131.77, 138.30, 138.58, 139.12, 
140.20.  
 
 1-Benzylisoquinoline (4) (100). This compound was prepared using a method 
previously reported [29]. 1H NMR (300 MHz, CDCl3) δ (ppm) 4.72 (s, 2H), 7.26 
(m, 5H), 7.62 (m, 3H), 7.84 (d, J = 6.0 Hz, 1H), 8.19 (d, J = 9.0 Hz, 1H), 8. 51 (d, 
J = 3.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ (ppm) 41.85, 119.84, 125.76, 
126.19, 127.07, 127.27, 128.43, 128.50, 129.90, 136.51, 139.24, 141.64, 160.00. 
The protocol describing the synthesis of compounds 6-10 is published elsewhere 
(101, 102)  
 3,4-Diphenylisoquinoline (5) (125, 126). 1H NMR (300 MHz, CDCl3) δ (ppm) 
7.20–7.23 (m, 3H), 7.24–7.27 (m, 2H), 7.36-7.40 (m, 5H), 7.62-7.65 (m, 2H), 
7.68 (dd, J = 4.0 and J = 5.7 Hz, 1H), 8.06 (dd, J = 5.0 and 4.7 Hz, 1H) 9.40 (s, 
1H); 13C NMR (75 MHz, CDCl3) δ (ppm) 125.64, 127.08, 127.09, 127.26, 127.43, 
127.68, 127.80, 128.29, 131.17, 131.04, 131.22, 135.7, 137.13, 140.80, 150.89, 
151.92. 
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 4-Methyl-3-phenylisoquinoline (6) (126). 1H NMR (300 MHz, CDCl3) δ (ppm) 
2.67 (s, 3H), 7.39–7.52 (m, 3H), 7.57–7.63 (m, 3H), 7.77 (ddd, J = 1.4, 6.8 and 
8.4 Hz, 1H), 8.02 (d, J = 8.1 Hz, 1H), 8.08 (dd, J = 1 and 8.4 Hz, 1H), 9.22 (s, 
1H);  13C NMR (75 MHz, CDCl3) δ (ppm) 15.46, 123.55, 124.35, 126.75, 
127.04, 127.65, 128.07, 128.16, 129.78, 130.68, 136.29, 141.72, 150.45, 151.90. 
 
 4-Ethyl-3-phenylisoquinoline (7) (127). 1H NMR (300 MHz, CDCl3) δ (ppm) 
1.31 (t, J = 7.5 Hz, 3H), 3.08 (q, J = 12.5 and 7.5 Hz, 2H), 7.43 (dt, J = 6.5 and 
.7 Hz, 1H), 7.48 (t, J = 7.2 Hz, 2H), 7.53 (d, J = 8.0 Hz, 2H), 7.63 (ddd, J = 1.1, 
6.9 and 8.1 Hz, 1H), 7.78 (ddd, J =1.4, 6.8 and 8.4 Hz, 1H), 8.03 (d, J = 8.1 Hz, 
1H), 8.1 (d, J = 8.5 Hz, 1H), 9.23 (s, 1H); 13C NMR (75 MHz, CDCl3) δ (ppm) 
15.52, 21.72, 123.56, 126.66, 127.62, 127.78, 127.94, 128.11, 128.42, 128.59, 
128.81, 129.11, 130.09, 130.62, 135.23, 141.40, 149.73, 151.54. 
 
 3-Phenyl-4-(phenylethynyl)isoquinoline (8) (128). 1H NMR (300 MHz, 
CDCl3) δ (ppm) 7.36-7.40 (m, 3H), 7.43-7.57 (m, 5H), 7.68 (ddd, J= 1.2, 6.9 and 
8.1 Hz, 1H), 7.85 (ddd, J = 1.4, 6.9 and 8.3 Hz, 1H), 8.05 (dd, J = 0.9 and 8.1 
Hz, 1H) 8.13-8.17 (m, 2H), 8.50 (dd, J = 1.0 and 8.4 Hz, 1H), 9.30 (d, J = 0.8, 
1H); 13C NMR (75 MHz, CDCl3) δ (ppm) 85.61, 99.13, 112.54, 123.23, 125.62, 
126.48, 127.52, 127.81, 128.35, 128.48, 128.57, 129.80, 131.26, 131.36, 139.76, 
151.27, 154.22. 
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 4-Phenyl-3-(phenylethynyl)isoquinoline (9) (128). 1H NMR (300 MHz, 
CDCl3) δ (ppm) 7.25 (br s, 5H), 7.50-7.69 (m, 8H), 8.03-8.06 (m, 1H), 9.28 (s, 
1H); 13C NMR (75 MHz, CDCl3) 89.41, 92.63, 122.57, 125.38, 127.42, 127.60, 
127.76, 128.03, 128.08, 128.11, 128.42, 130.57, 130.96, 131.63, 134.92, 135.27, 
136.17, 136.36, 151.88. 
  
   114 




































































































   
                     

























































































































































































































































                      
 






















































































































































































































  133 
A.3 Asphaltene Model Compounds’ Mass Spectral Data 
Table A.1 Msn Spectra Measured for Asphaltene Model Compounds Ionized by (+) 
APCI/CS2 and Subjected To CAD 












































169 – CH3 
(154)[13%]a 
169 – CH2=CH2 
(141) [87%]a 
 
155 – 2H (153) 
[54%]b 





















184 – CH2CH3 
(155)  [38%]a 
 
 









169 – CH3 (154) 
[5%]c 
169 – CH2=CH2 
(141) [95%]c 
 













CH3 (183) [5%]a 
  








226 – CH2=CH2 
(198) [3%]a 
 




































226 – 84 (142) 
[2%]a 
 
























184 – CH2=CH2 
(156) [7%]a 
 
184 – CH2CH3 
(155) [43%]a 
 
184 – CH2=CHCH3 
(142) [27%]a 
 

























155 – H (154) 
[9%]b 
155 – 2H (153) 
[79%]b 






169 – CH3 (154) 
[12%]c 
















155 – 26g (129) 
[64%]b 
155 – 40g (115) 
[36%]b 
 




















































































































































259 – CH2=CH2 
(231) [11%]a 
259 – CH2CH3 
(230) [4%]a 
 
259 – CH2=CHCH3 
(217) [80%]a 
 




246 – CH3 (231) 
[74%]c 








231 – 2 H (229) 
[10%]c 
 
231 – CH3 (216) 
[85%]c 
 




217 – 2 H (215) 
[6%]b 
217 – CH3 (202) 
[94%]b 
 
218 – 76 + H2O 
(160) [49%]e 
218 – 64 (154) 
[8%] e 
218 – 76 (142) 
[26%]e 
218 – benzene 
(140) [9 %]e 














217 – 2H (215) 
[10%]c 












































































































































































281 – HCN (254) 
[3%]e 
281 – H+HCN 
(253) [13%]e 















280 – H (279) 
[2%]f 
280 – 2H (278) 
[15%]f 
280 – CH3 (265) 
[5%]f 
280 – 26g (254) 
[6%]f 
280 – HCN (253) 
[30%]f 
280 – H+HCN 
(252) [30%]f 
280 – 60g (220) 
[5%]f 








278 – H (277) 
[4%]e 
278 – 9g (269) 
[26%]e 
278 – 23g (255) 
[5%]e 
278 – 26g (252) 
[5%]e 
278 – HCN (251) 
[52%]e 






























































































































































































219 – 2 H (217) 
[28%]b 
219 – 3H (216) 
[29%]b 
 












233 – H (232) 
[56%]c 
233 – CH3 (218) 
[13%]c 
















218 – H (217) 
[36%]b,h 
218 – 2 H (216) 
[28%]b,h 
218 – 3 H (215) 
[7%]b,h 
218 – HCN (191) 
[7%]b,h 














191 – H (190) 
[26%]b,h 
191 – 2 H (189) 
[60%]b,h 
191 – 3 H (188) 
[5%]b,h 
191 – 26g (165) 
[4%]b,h 








217 – H (216) 
[35%]b,h 
217 – 2 H (215) 
[9%]b,h 
217 – 3 H (214) 
[7%]b,h 
217 – 26g (191) 
[5%]b,h 
















190 – H (189) 
[45%]b,h 

















































































































































305 – 14g (291) 
[4%]f 
 








































304 – H (303) 
[23%]b,h 
304 – 2 H (302) 
[31%]b,h 
304 – 3 H (301) 
[18%]b,h 
304 – HCN (277) 
[6%]b,h 











290 – 3 H (287) 
[4%]d,h 
290 – 26g (264) 
[4%]d,h 









228 – H (227) 
[49%]b,h 
228 – HCN (201) 
[39%]b,h 
































288 – 2 H (286) 
[67%]d,h 
288 – HCN (261) 
[29%]d,h 





263 – 2 H (261) 
[37%]d,h 
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Collision energies: 20a, 30b, 25c, 35d, 40e, 45f, gpossible ring opening fragments or unusual loss, hActivation 


































305 – HCN (278) 
[5%]f 
 




304 – 2 H (302) 
[36%]d,h 
304 – 3 H (301) 
[37%]d,h 
304 – HCN (277) 
[4%]d,h 












278 – H (277) 
[25%]b,h 
278 – 2 H (276) 
[55%]b,h 
278 – 3 H (275) 
[5%]b,h 
278 – CH3 (263) 
[7%]b,h 
278 – 26g (252) 
[3%]b,h 














276 – H (275) 
[32%]d,h 
276 – 2 H (274) 
[68%]d,h 
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Appendix B: Supplemental Data for Chapter 6 
B.1 Experimental Procedures, 1H and 13C NMR Characterizations 
All reagents used in this work were of commercial grade and used without further 
purification. 1H NMR spectra were recorded at 300 MHz while 75 MHz was used for 13 C 
nuclei. 230-400 mesh silica gel was used for purification by flash chromatography. 
Mosher acids (0.0 Hz) were used as external references for the 19F NMR experiments. 
 
 4-Aminobenzaldehyde. 4-Nitrobenzaldehyde (100 mg, 0.66 mmol) and 
SnCl2•2H2O (746.5 mg, 3.31 mmol) in 1.32 mL of absolute ethanol were stirred at 
70 oC for three hours. Upon consumption of the starting material (observed by 
TLC), the reaction mixture was cooled down, poured into ice and made slightly 
basic (pH 7-8) by addition of approximately 15 mL of 5% NaHCO3. The mixture 
was then extracted 3X with 20 mL portions of ethyl acetate. The combined 
organic layers were then washed with brine, treated with decolorizing carbon, 
filtered and dried with sodium sulfate. The solvent was removed upon rotary 
evaporation to yield a dark orange oil (82 mg, quantitative yield) which was used 
right away in the next step without further purification. 1H NMR (300 MHz, 
CDCl3) δ (ppm) 3.73 (2H, br s), 6.69 (2H, d, J = 9.0 Hz), 8.21 (2H, d, J = 9.0 Hz), 
9.73 (1H, s). 
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 4-Azidobenzaldehyde (21). To a solution of glacial acetic acid (0.7 mL, 12.2 
mmol) and sulfuric acid (70 µL, .7 mmol) stirring at 0 oC were added 4-
aminobenzaldehyde (160.32 mg, 1.32 mmol) yielding a black tar. Sodium nitrite 
(90.4 mg, 1.32 mmol) dissolved in a minimum amount of cold water was added to 
the reaction mixture. 10 mins later, sodium azide (90.3 mg, 1.39 mmol) dissolved 
in a minimum amount of cold water was added to the reaction producing a 
considerable amount of froth. The reaction mixture was then allowed to warm up 
to room temperature and extracted 3X with 10 mL portions of ether. The 
combined organic layers were then washed with saturated aqueous sodium 
bicarbonate, dried with sodium sulfate followed by solvent evaporation under 
minimum light exposure at less than 40 oC. Upon purification by column 
chromatography (3:1 hexane/ethyl acetate), the desired product was obtained as a 
dark yellow solid (181 mg, 93%). 1H NMR (300 MHz, CDCl3) δ (ppm) 7.18 (2H, 
d, J = 9.0 Hz), 7.90 (2H, d, J = 9.0 Hz), 9.94 (1H, s). 
 
 4-Azido Methylcinnamate (24). To a stirred solution of 4-azidobenzaldehyde 
(142.3 mg, 0.9 mmol) in 4.2 mL of a 1:1 mixture of H2O/dioxane were added 
trimethylphosphonoacetate (209 µL, 1.45 mmol) and potassium carbonate (401 
mg, 2.90 mmol). The mixture was stirred to completion, diluted with water and 
extracted with 3X 10 mL portions of ethyl acetate. The combined organic layers 
were washed 3X with saturated sodium bicarbonate, once with water and brine 
and dried with sodium sulfate. Evaporation of the solvent yielded the desired 
product as a light yellow solid (147.3 mg, 58%) which was taken to the next step 
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without purification. 1H NMR (300MHz, CDCl3) δ (ppm) 3.80 (3H, s), 6.41 (1H, 
d, J = 15 Hz), 7.05 (2H, d, J = 9.0 Hz), 7.53 (2H, d, J = 9.0 Hz), 7.67 (1H, d, J = 
15 Hz); IR 2118.5 cm-1. 
 
 (2R,3R)-3-(4-azidophenyl)-3-methoxy-2-(4-nitrophenylsulonamido) methyl 
Propanoate (25) To copper triflate (4.6 mg, 0.012 mmol) were added (-)-2,2’-
isopropylidene[(4S)-4-phenyl-2-oxazoline] (PhINNs) (8.5 mg, 0.12 mmol), 4 Å 
molecular sieves and anhydrous dichloromethane (1.3 mL). The reaction mixture 
was allowed to stir for 15 minutes under nitrogen during which it turned green. 
Then, 4-azido methylcinnamate (150 mg, 0.74 mmol) and [N-
(phenylsulfonyl)imido]phenyliodinane (85.3mg, 0.21 mmol) were added followed 
by nitrogen flushing to rid the reaction flask of any moisture. It took about 11-13 
hours of stirring for PhINNs to dissolve. The reaction was stopped by quick 
filtration through a small pad of silica gel (eluent, 1:1 hexane/ethyl acetate); the 
solvent was evaporated and the residue was redissolved in methanol and stirred 
overnight. Concentration under reduced pressure followed by purification by flash 
column chromatography (from 3:1 to 2:1 hexane/ethyl acetate) gave the desired 
product as a yellow oil (91.8 mg, 77%). 1H NMR (300 MHz, CDCl3) δ (ppm) 
3.20 (3H, s), 3.51 (3H, s), 4.33 (1H, dd, J = 3.0, 6.0Hz), 4.49 (1H, d, J = 6.0 Hz), 
5.57 (1H, d, J = 9.0 Hz), 6.96 (2H, d, J = 9.0 Hz), 7.13 (2H, d, J = 9.0 Hz), 7.95 
(2H, d, J = 9.0 Hz), 8.29 (2H, d, J = 9.0 Hz). 13C NMR(75 MHz, CDCl3) δ (ppm) 
52.4, 57.3, 60.5, 82.8, 119.1, 123.9, 128.2, 128.3, 132.2, 140.6, 145.6, 149.8, 
169.0; ESI-MS (m/z) C17H17N5O7S 437.02 (M++1); IR 2123.4 cm-1. 
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In order to separate the two diastereomers, we followed the same procedure but 
changed the solvent to acetonitrile and when the residue was redissolved in MeOH, we 
added a couple of drops of sulfuric acid. Minor diastereomer, 1H NMR (300 MHz, 
CDCl3) δ (ppm) 3.21 (3H, s), 3.72 (3H,s), 4.13 (1H, dd, J = 3.0, 3.0 Hz), 4.72 (1H, d, J = 
3.0 Hz), 5.49 (1H, d, J = 12 Hz), 6.88 (2H, d, J = 9.0 Hz), 7.18 (2H, d, J = 9.0 Hz), 7.73 
(2H, d, J = 9.0 Hz), 8.19 (2H, d, J = 9.0 Hz). 
 
 (2R,3R)-Methyl 2-Amino-3-(4-azidophenyl)-3-methoxypropanoate (26). To a 
stirred solution of (2R,3R)-3-(4-azidophenyl)-3-methoxy-2-(4-
nitrophenylsulonamidomethyl propanoate (16) (20 mg, 0.05 mol) in 0.4 mL of 
MeOH/DMSO (49:1) were added thiophenol (23.3 µL, .2 mmol) and potassium 
carbonate (25.1 mg, .2 mmol). The reaction mixture was stirred at 50 oC for two 
hours. After cooling down, the reaction was quenched with 3 mL of saturated 
ammonium chloride and extracted 3X with 5 mL portions of dichloromethane. 
The organic phase was dried in anhydrous magnesium sulfate. After evaporation 
and silica gel column chromatography (2:1 hexane/ ethyl acetate to 100% ethyl 
acetate), the desired product was obtained as a brown oil (3 mg, 26%). 1H NMR 
(300 MHz, CDCl3) δ (ppm) 3.25 (3H, s), 3.72 (3H, s) 3.77 (1H, d, J = 6Hz), 4.39 
(1H, d, J = 6.0 Hz), 7.05 (2H, d, J = 9.0 Hz), 7.30 (2H, d, J = 9.0 Hz). 13C NMR 
(75 MHz, CDCl3) δ (ppm)  51.8, 56.6, 59.9, 85.1, 114.9, 126.6, 128.5, 146.5, 
173.9; IR 2122.3 cm-1. 
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 (2R,3R)-methyl 3-(4-azidophenyl)-3-methoxy-2-((S)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanamido)propanoate (33).  To a solution of (S)-MTPA 
(3 mg, 0.013 mmol) and DMF (1.1 µL, 0.013 mmol) in hexane (0.5 mL) at room 
temperature was added oxalyl chloride (5µL, 0.057 mmol). A white precipitate 
formed spontaneously. The mixture was allowed to stir for 1 hour followed by 
vacuum filtration and concentration of the filtrate under reduced pressure yielded 
the acid chloride. Compound 26 (3 mg, 0.012 mmol), triethylamine (4 µL, 0.03 
mmol) and a crystal of 4- dimethylaminopyridine (~ 1 mg) in 100 µL of CDCl3 
were added to the acid chloride and allowed to react for 1 hour and the 
completion of the reaction was confirmed by 1H NMR (124). 1H NMR (300 MHz, 
CDCl3) δ (ppm) 3.34 (6H, br s), 3.64 (3H, s) 4.65 (1H, d, J = 3Hz), 4.94 (1H, dd, 
J = 9.0 and 9.0 Hz), 7.03 (2H, d, J = 9.0 Hz), 7.31 (2H, d, J = 9.0 Hz), 7.39 (m, 
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B.2: NMR Spectra 
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Abstract. Silica colloidal crystals are a new type of media for protein electrophoresis, and they are
assessed for their promise in rapidly measuring aggregation of monoclonal antibodies. The nature of
silica colloidal crystals is described in the context of the need for a high-throughput separation tool for
optimizing the formulations of protein drugs for minimal aggregation. The fundamental relations
between molecular weight and mobility in electrophoresis are used to make a theoretical comparison of
selectivity between gels and colloidal crystals. The results show that the selectivity is similar for these
media, but slightly higher, 10%, for gels, and the velocity is inherently lower than that for gels due to the
smaller free volume fraction. These factors are more than compensated for by lower broadening in
colloidal crystals. These new media give plate heights of only 0.15 μm for the antibody monomer and
0.42 μm for the antibody dimer. The monoclonal antibody is separated from its dimer in 72 s over a
distance of only 6.5 mm. This is five times faster than size-exclusion chromatography, with more than
tenfold miniaturization, and amenable to parallel separations, all of which are promising for the design of
high-throughput devices for optimizing protein drug formulations.
KEY WORDS: colloidal crystal; electrophoresis; high throughput; miniaturization; monoclonal antibody;
plate height.
INTRODUCTION
The growth of biotechnology in the pharmaceutical
industry has spurred new interest among analytical chemists
for faster characterization of protein heterogeneity. Of the
various undesired forms that an engineered protein can
adopt, aggregation is of particular concern because aggrega-
tion occurs spontaneously in the formulated drug, causing
immunogenic response in patients (1). Minimizing formation
of aggregates is an essential step in formulation of protein
drugs, which presently requires extensive trial and error to
identify a matrix that minimizes aggregation over the time
period of storage. Current techniques for characterizing
protein aggregation in trial formulations have low through-
put, thus creating a demand for new technology that offers
higher throughput.
Separations are presently the gold standard for charac-
terizing aggregation because the phenomenon of aggregation
necessarily results in a mixture of proteins, and a physical
separation facilitates quantitation of each component. Size-
exclusion chromatography is widely used for such separa-
tions, but it is lower in throughput than electrophoresis
because the latter allows multiple samples to be run in
parallel. The material that has dominated electrophoresis
over the past half century is polyacrylamide gel. The reason
why this technique is still low in throughput is that the
separations themselves are slow due to the slow velocities of
the protein zones and the fact that the length needs to be
large to make up for zone broadening.
We are taking a new approach toward speeding up
protein separations, which is to decrease the separation
length drastically by reducing the broadening processes in
the medium. The separations would then be faster because
the length is shorter. The idea is simple: if the medium
imparts little broadening to the zones, then the physical
separation arising from the velocity differences would be
apparent much earlier. The idea is illustrated in Fig. 1, which
uses plate height as the figure of merit for broadening by the
separation medium. The plate height is the amount of zone





The graphs in Fig. 1 illustrate the essential concept behind
this work: two zones separate over a tenfold shorter length when
the plate height is tenfold smaller. The design of a material with
a smaller plate height would thus give two advantages for
throughput, one being a tenfold shorter separation time,
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assuming that the velocity is not changed by the material, and
the other being a tenfold more compact separation device,
which would facilitate the use of microplate robotics for sample
dispensing.
There are multiple factors that give rise to zone broadening
during electrophoresis. Themain cause is the heterogeneity of the
medium. In an electrophoresis gel, the extent of cross-linking is
not perfectly uniform on the microscopic scale, and the resultant
velocity distribution creates a broader zone. Another factor is the
distribution of velocities resulting from variations in viscosity due
to Joule heating from the ionic current through themedium. Joule
heating limits the voltage that can be applied, which slows the
separation. Diffusion of proteins during staining and imaging also
contribute to broadening and add time to the analysis.
In genomic DNA sequencing, capillary gel electrophoresis
significantly increased throughput compared to slab gels (2).
Soluble gels are used with this technique, where pores are created
by the use of a concentrated uncharged polymer solution. Effective
pore size is controlled by polymer concentration. Gel-filled
capillaries inherently avoid the problem of gel heterogeneity
because the polymer is in a homogeneous solution. An additional
advantage is the ability to electromigrate analytes past a UV
detector for quantitative detection and automation. Furthermore,
higher electricfields increase speedbecause capillaries canbemade
tenfold thinner than gels, e.g., 50 μm i.d. vs. 0.5 mm in thickness,
which dramatically reduces zone broadening compared to slab gels
(3). These factors, combinedwith the ability to runmany capillaries
in parallel, enabled capillaries to replace slab gels in the first
sequencing of the human genome (2). This type of advance that
increased throughput in DNA sequencing needs to be made in
protein sizing.
One might think the problem for rapidly sizing proteins
would be solved by adopting capillary gel electrophoresis, yet
capillaries are not widely used for protein separations. The
reason is that another factor besides plate height affects










Resolution, Rs, is proportional to the selectivity, Δv/v,
where v is the zone velocity. This equation applies to any
type of separation, showing that both zone sharpness,
described by the first term, and selectivity combine to give
resolution, and the two effects are multiplicative. The
limitation of capillary gel electrophoresis is that the
selectivity is much lower because the pores are large.
The lower selectivity has to be compensated by longer
lengths to give the same resolution. The net effect is an
increase by only about a factor of two in overall speed for
capillary gel electrophoresis of proteins (4–6). Selectivity
needs to be combined with a thin, homogeneous medium
for faster resolution.
Nanotechnology has advanced over the same time period
as biotechnology; hence, it is an auspicious time to revisit the
design and development of porous media for protein
separations. To circumvent heterogeneity of the porous
medium for electrophoresis, we use silica colloidal crystals
(7). These materials are comprised of uniformly sized silica
particles (8), which can be anywhere between a few
nanometers to 1,000 nm in diameter. The silica spheres are
arranged to form crystals with a face-center cubic arrange-
ment (9–11). Silica colloidal crystals have been demonstrated
as media for DNA (12,13) and protein electrophoresis
(12,14).
Figure 2a shows an SEM image of a silica colloidal
crystal formed inside of a microchannel by 470-nm silica
particles. The image shows the expected crystal faces of the
face-centered cubic lattice. Such high-quality colloidal crystals
have been made over wide areas (13,15). The order
represented in Fig. 2a extends the 2-cm length of the channel
Fig. 1. Simulated plots of Gaussian functions vs. separation length to illustrate effect of
plate height, H, on resolution. a For a plate height of 10 μm, the two Gaussians are
unresolved in 1 cm of separation length, but they are baseline resolved in 10 cm. b For a
plate height of 1 μm, the Gaussians are baseline resolved in only 1 cm
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in the device shown in Fig. 2c. Figure 2b shows an SEM image
of the top surface of the colloidal crystal, which has the
characteristic hexagonal geometry of the [111] crystal face.
Pores for sieving exist everywhere where particles meet, and
one can see from the expanded view in the inset of Fig. 2b
that these pores are tens of nanometers, which are suitable
for sieving or the size exclusion of proteins. Colloidal crystal
can also be formed in capillaries (17–20), and Fig. 2d shows a
photograph of a capillary packed with a silica colloidal crystal,
along with an SEM image of the same capillary. The
opalescence owes to the lattice spacing being on the order
of the wavelength of light. Gem opals are also comprised of
colloidal silica in face-centered cubic lattices, giving similar
SEM images (21). The color is shifted when the index of
refraction of the medium changes, and this so-called photonic
effect is a means of detecting biomolecules without labeling
(22), which might be useful in optimizing formulations.
The purpose of this work is to model an electrophoretic
separation of a monoclonal antibody and its dimer using data
and equations from the literature, and to carry out such a
separation using a silica colloidal crystal for which the
particle diameter is selected based on the modeling. Sodium
dodecyl sulfate (SDS) denaturing is used to impart a charge
on the monoclonal antibodies, which is necessary because
these proteins typically have pI values near neutral pH.
Covalent aggregation is ubiquitous for monoclonal antibod-
ies due to scrambling of disulfide bonds. The technology
would be applicable to characterizing covalent aggregates
since SDS breaks up noncovalent aggregates. The plate
height will be measured to assess speed and miniaturization.
METHODS
A sample of pharmaceutical-grade monoclonal antibody,
obtained from Eli Lilly, had gone through drug development
but is no longer an active candidate. The antibody was
labeled with AlexaFluor 546 (Invitrogen, Carlsbad, CA)
according to the vendor’s instructions. The antibody had
been given a 10-min heat treatment at 75°C to promote
aggregate formation, and size-exclusion chromatography
confirmed that a small amount of dimer was formed. A
concentration of 0.5 mg/mL was prepared in SDS and
electrophoresis buffer, as described earlier (12,14).
Uniform nonporous silica particles were obtained from
Fiber Optic Center (New Bedford, MA); these were calcined
and annealed as described previously (14). The silica surfaces
were chemically modified to bear linear polyacrylamide
chains, which were grown from the surface by using surface-
initiated atom-transfer radical transfer polymerization (23).
The material thus mimics a polyacrylamide gel, but is thinner
and more homogeneous. The details of how to prepare the
silica colloidal crystal in capillaries have been published (16),
as well as the details of how to perform electrophoresis (14).
Fig. 2. Formats of colloidal crystals used for electrophoresis. a SEM image of channel cross section
showing high crystallinity. Image from Birdsall and Wirth, permission requested, © 2013 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. b SEM image of the top of the colloidal crystal in the channel,
showing ordered arrangement of silica spheres. The expanded view shows the pores formed among the
spheres. c Photograph of a set of parallel channels, which are 2 cm in length. d Photograph of the end of a
capillary packed with colloidal crystals, with SEM image superimposed to show polycrystalline packing,
taken from Wei et al. (16) with permission, Copyright © 2012, American Chemical Society
964 Njoya et al.
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RESULTS AND DISCUSSION
Electrophoresis results reported recently by our group (14)
are analyzed further here to understand how these materials can
be used to study aggregation of monoclonal antibodies. Figure 3a
shows an electropherogram, where a silica colloidal crystal made
of a particle 483 nm in diameter was used for electrophoresis of
lysozyme (14.7 kDa), trypsin inhibitor (20 kDa), carbonic
anhydrase (29 kDa), and bovine serum albumin (67 kDa). The
electropherogram shows narrow zones as the proteins
electromigrate past a fixed detection point, which was only
4 mm from the injection point. The zones broaden as protein
size increases. This is typical behavior for electrophoresis, where
plate height increases with protein radius. The plate heights were
not calculated in the original work, but are essential in the context
of the present work, and thus are calculated here: the plate
heights increase in the order 0.33, 1.0, 1.6, and 3.3 μm for the
smallest to the largest protein. These are all smaller than the
typical plate height of 10 μm for medium-sized proteins in gels
(24). The unusually small plate heights demonstrate that the silica
colloidal crystals are promising for miniaturization. Figure 3b
shows a plot of molecular weight vs. normalized migration rate
through the medium. The shape of the curve is similar to such
curves for gel electrophoresis, where the mobility goes to zero
when themolecular weight exceeds the pore size, and the velocity
is no longer dependent on molecular weight when the protein
radius becomes negligible in size compared to the pore radius.
The solid curve is a plot of the predicted migration rate using
Eq. 3, which was derived from first principles (14), and each







Themobility, μ, in the medium is normalized to themobility
in free solution, μ0, which was measured by open capillary
electrophoresis. The pore radius, ξ, and porosity, ε, were
independently determined from flow rate measurements. The
protein radius is presented byR. Since velocity is proportional to
mobility, then Δμ/<μ>, is equivalent to the ratio Δv/<v> used in
Eq. 2 for expressing selectivity. The important outcome is that we
can use Eq. 3 to predict the selectivity, Δμ/<μ>, for other
proteins, i.e., monoclonal antibodies and aggregates, and other
pore radii that are more optimal for the larger proteins.
For comparison of selectivity with gels, the theoretical










Fig. 3. Electrophoresis data for four proteins using a silica colloidal crystal as the medium. Proteins A–D
are lysozyme, trypsin inhibitor, carbonic anhydrase, and bovine serum albumin, respectively. a
Electropherogram of the proteins, with data points (circles), and a fit to four Gaussians (line). b Plot of
electrophoresis data using Eq. 3. Pore radius is indicated by ξ. Both panels are adapted from Birdsall et al.
(14) with permission requested, © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
Fig. 4. Gel electropherogram of a monoclonal antibody initially (lane 4)
and after storage (lanes 5–9). The size standards are shown in lane 2. The
figure is adapted from Mahler et al. (26) with permission requested, ©
2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
965Silica Colloidal Crystals as Emerging Materials
159
In this equation, r is the radius of the gel fibers, e.g., the
polyacrylamide chains, and the other terms have the same
meanings as for Eq. 3. To demonstrate that Eq. 4 is valid, data
from the literature are used. Figure 4 shows a separation of a
monoclonal antibody and its aggregates and fragments by gel
electrophoresis, published by Mahler et al. (26). The image
illustrates the benefit of gel electrophoresis: a wide range of
molecular weights is separated, and many lanes can be run
simultaneously. The first lane, which has the size standards,
allows one to identify the antibody, which is the most intense
band in the subsequent lanes. In the subsequent lanes, the
aggregates of the antibody are visible at higher molecular
weight, and fragments are visible at lower molecular weights.
The data for the size standards are analyzed here by Eq. 4,
and the results are plotted in Fig. 5a. The data in red are for
the gel, and the curve is from Eq. 4, with r and ξ adjusted for
best fit.
Figure 5a also uses Eq. 3 for colloidal crystals to make a
comparison of selectivity, which is the blue curve. The circles
show the theoretical positions of the same size standards for
Fig. 5. Comparison of selectivity for gels and colloidal crystals in protein electrophoresis. a
Data points (red circles) for the size standards of the gel in Fig. 4 and fit to Eq. 4 (red line).
Plot of Eq. 3 (blue line, blue circles). b Theoretical plots for gel (red line) and colloidal
crystal (blue line) for pore sizes optimized for resolving an antibody from its dimer. In both
panels, the antibody molecular weight (MW) (150 kDa) and its dimer MW (300 kDa) are
indicated by the dotted lines
966 Njoya et al.
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comparison. The mobility was divided by porosity to make
the x-axes coincide. The graph reveals that the selectivity is
similar for the gel and the colloidal crystal, with selectivity
being somewhat higher for the gel.
The two equations allow a theoretical comparison
between a gel and a colloidal crystal when each have a pore
size better suited for resolving a monoclonal antibody from its
dimer with higher velocity. The resulting plot is in Fig. 5b,
where the pore sizes were adjusted to give the same velocity
for the dimer. The comparison shows that the gel has a 10%
higher selectivity. This is a small difference, but it seems
surprising that the disordered gel would give higher selectiv-
ity. The underlying reason is that the pore size distribution
enables the gel to separate a wider range of proteins, which
translates to a smaller slope in log(MW) vs. mobility. The
analysis shows that the colloidal crystal is a reasonable
substitution for the gel from the standpoint of selectivity.
Since the goal is high throughput, the velocities must also
be considered. In Fig. 5, the plots were made with respect to
“relative mobility,” which is the normalized mobility divided
by the porosity. The porosity is not known for the gel, but it is
likely close to unity since the polyacrylamide fibers probably
take up much less of a negligible volume fraction of the gel.
In fact, the best fit of the data for the size standards gave a
fiber radius of zero. For the colloidal crystal, the porosity is
0.2, and the porosity is inherently low because the silica
particles take up most of the volume. What this means in
practice is that the absolute velocity in the colloidal crystal
will be about fivefold lower than that of a gel. The colloidal
crystal thus has two problems to overcome: somewhat smaller
selectivity and a much lower velocity. These limitations can
potentially be overcome by a much smaller plate height.
In choosing the particle diameter for the colloidal crystal,
one must consider the trade-off between speed and selectivity.
To elaborate, Eq. 3 shows that selectivity is enhanced by having
the pore size closer to the protein size, but the equation also
shows that the electrophoretic mobility is slowed as the pore size
approaches the protein size. Equation 3 can be used to examine
Fig. 6. a Plot of both selectivity (solid line) and relative mobility (dotted line) as a function
of pore radius to show the trade-off. b Plot of plate height vs. the square of the broadening
function of Eq. 5 for a pore radius of 27 nm. The line is least-square fits of data points
967Silica Colloidal Crystals as Emerging Materials
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the trade-off between speed and selectivity to select an optimal
pore size. A plot of both selectivity and speed with respect to
pore size was made by use of Eq. 3 and is given in Fig. 6a. The
plot reveals that selectivity drops sublinearly whereas speed
goes up nearly linearly until the pore radius exceeds 30 nm.
These considerations would suggest a pore radius of 30 nm to be
a good compromise.
Zone broadening is also a consideration in selecting pore
size since the plate height increases strongly with protein size
for a given pore size. Such behavior indicates that there is a
pore size distribution. One can model the dependence of
plate height on protein radius by introducing a stochastic
variable, ξ′, to account for random changes in pore radius,
and relating this to changes in μ. Adding ξ′ to ξ in Eq. 3 and









Since this variation in mobility with pore size would be
proportional to zone width, then its square would be
proportional to plate height. If the pore size distribution is
the origin of the broadening, and the pore size variations are
small, then plate height should be proportional to R2. Such a
plot is given in Fig. 6b, where the least squares fit shows good
agreement, and the intercept is zero. Extrapolating to higher
molecular weights gives calculated plate heights of 9, 20, and
32 μm for monomer, dimer, and trimer of a monoclonal
antibody. For detecting aggregation of antibodies, larger
pores are needed.
We chose 1,000 nm as the particle diameter, which is
twice that of the 500-nm particles that gave the pore radius of
27 nm. One cannot assume the new pore radius is also twice
as large because the polymer chains grow longer in larger
pores. We perform electrophoresis to determine whether
small plate heights are now observable for monoclonal
antibodies and aggregates. Figure 7a shows an image from
the separation of a monoclonal antibody and its dimer. The
brighter monomer peak is separated from the dimer peak
over a length of only 6.5 mm and in a time of only 72 s. Based
on Gaussian fits of the two zones, the calculated plate heights
are 0.15 and 0.42 μm for the monomer and dimer, respec-
tively. These extremely low plate heights are extraordinary
for monoclonal antibodies in any type of separation. Wider
pore gels have been used to separate monomers from dimers
of monoclonal antibodies, but the broadening is severe (27).
Figure 7b shows a plot of the packed capillary electrophoresis
data of Fig. 7a, where a fixed detection position of 0.65 cm
was used and the intensity was monitored vs. time to generate
an electropherogram. For comparison, Fig. 7c shows a
chromatogram from size-exclusion chromatography for the
same sample. The resolution is similar, slightly higher for
electrophoresis, but the time scale for electrophoresis is
fivefold shorter. Both separations show primarily the mono-
mer and dimer peaks. There is evidence for a large aggregate
in the electrophoresis data. Both show evidence of species
with smaller molecular weight, but more precisely controlled
samples will need to be studied as well as a variety of particle
sizes, to learn what additional information is obtainable. The
fivefold higher speed in separating monomer from dimer,
combined with the present commercial capability of running
24 capillaries simultaneously in electrophoresis, promises
higher throughput for assessing aggregation of monoclonal
antibodies in the optimization of formulations.
Fig. 7. Separation of monoclonal antibody monomer and dimer. a
False-color fluorescence image of antibody followed by its dimer as they
electromigrate in SDS and buffer through a 100-μm-i.d. capillary packed
with silica colloidal crystal and reach a separation length of 6.5 mm in
72 s. b Time trace of the same separation as in panel a. c Size-exclusion
chromatogram of the same protein sample as in panels a and b
968 Njoya et al.
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CONCLUSIONS
Silica colloidal crystals are an emerging material for fast
separations of monoclonal antibodies and aggregates. The
uniformity of the material allows a much smaller footprint and
a higher speed. With the tiny separation lengths of less than
1 cm, the media could be patterned for direct compatibility with
the robotics of 96-well plates for high throughput. The results
presented here use SDS-denatured protein, which assesses
covalent aggregates, which are arguably more deleterious than
noncovalent aggregates. Further studies are needed to address
native electrophoresis for assessing noncovalent aggregates.
The silica colloidal crystal makes it easy to control pore size for
sieving large proteins with minimal broadening. Larger particles
could be used, in principle, to assess even larger aggregates. The
remaining issues for reduction to practice are the design of such
devices and label-free detection.
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